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Using  wastewater  as  resource  for  microalgal  cultivation  was  seriously  considered  as  a  promising 
approach  for  sustainable  biomass  and  lipid  production.  The  proper  selection  of  microalgal  species  is 
the  foundation  and  key  point  to  achieve  this  objective.  This  paper  reviewed  the  recent  status  of 
microalgal  cultivation  in  wastewater,  including  the  characteristics  of  microalgal  species  used  in  recent 
studies,  the  performance  of  different  microalgal  species  in  different  types  of  wastewater,  the  commonly- 
used  isolation  methods  of  microalgal  species  adaptable  to  the  growth  in  wastewater,  and  the  evaluation 
criteria  of  microalgal  species.  It  was  found  that  microalgal  biomass  and  lipid  production  in  wastewater 
were  comparable  to  those  in  artificial  culture  medium,  although  most  of  the  data  was  obtained  in 
sterilized  wastewater.  Among  all  microalgal  species  involved  in  this  review,  Botryococcus  braunii, 
Chlorella  pyrenoidosa  and  Chlamydomonas  reinhardtii  showed  superior  performance  in  certain  studies. 
However,  no  microalgal  species  has  been  demonstrated  to  meet  all  the  requirements  for  large-scale 
biomass  production  in  wastewater.  Thus,  the  efforts  on  microalgal  species  isolation  and  characterization 
should  still  be  promoted.  On  the  basis  of  all  the  information,  this  review  explored  the  limitations  of 
recent  studies  and  future  research  needs  on  this  topic. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


Contents 


1.  Introduction . 676 

2.  Characteristics  of  wastewater  used  in  recent  researches  for  microalgal  cultivation . 677 

3.  Microalgal  species  used  in  recent  researches . 677 

4.  Biomass  and  lipid  production  of  different  microalgal  species  in  wastewater . 679 

4.1.  Biomass  production . 679 

4.2.  Lipid  production . 679 

4.3.  The  downstream  process  converting  microalgal  biomass  to  bioenergy . 681 

5.  Isolation  methods  of  microalgal  species  adaptable  to  the  growth  in  wastewater . 682 

6.  Indices  to  select  proper  microalgal  species . 683 

6.1.  Indices  about  microalgal  biomass  production . 683 

6.2.  Indices  about  microalgal  lipid  production . 683 

6.3.  Indices  about  pollutant  removal . 683 

6.4.  Indices  about  microalgal  resistance  to  biotic  pollution . 684 


*  Corresponding  author  at:  Environmental  Simulation  and  Pollution  Control  State  Key  Joint  Laboratory,  School  of  Environment,  Tsinghua  University,  Beijing  100084, 
PR  China.  Tel.:  +86  10  62794005;  fax:  +86  10  62797265. 

E-mail  address:  hyhu@tsinghua.edu.cn  (H.-Y.  Hu). 

http://dx.doi.Org/10.1016/j.rser.2014.02.026 
1364-0321  ©  2014  Elsevier  Ltd.  All  rights  reserved. 


676 


Y.-H.  Wu  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  33  (2014)  675-688 


6.5.  Indices  related  to  resource  consumption . 685 

7.  Limitations  and  future  research  needs  for  sustainable  microalgal  biomass/lipid  production  using  wastewater  as  resource . 685 

7.1.  Microalgal  species  for  biomass/lipid  production  in  unsterilized  wastewater . 685 

7.2.  Novel  cultivation  system  for  large-scale  microalgal  biomass  production . 686 

8.  Conclusions . 686 

Acknowledgments . 686 

References . 686 


1.  Introduction 

Nowadays  about  80%  of  global  energy  demand  is  provided  by 
fossil  fuels.  However,  this  energy  form  is  nonrenewable,  and 
energy  crisis  has  become  one  of  the  most  important  challenges 
faced  by  human  society  in  the  21th  century.  Furthermore,  the 
rapid  consumption  of  fossil  fuels  has  released  large  amounts  of 
greenhouse  gases  into  the  atmosphere,  thereby  aggravating  global 
climate  change  [1],  Many  countries  and  researchers  are  thus 
focusing  on  the  development  of  new,  clean  and  sustainable  energy 
sources  as  substitutes  of  fossil  fuels.  Compared  with  other  energy 
forms,  microalgal  bioenergy  obtained  some  irreplaceable  advan¬ 
tages:  (1)  high  lipid  content  and  rapid  growth  resulting  in  higher 
lipid  productivity  than  that  of  oilseed  crops  [2,3];  (2)  valuable 
chemicals  production  [4];  (3)  the  possibility  to  be  integrated  with 
C02  capture  [3,5];  and  (4)  the  perspective  to  couple  energy 
production  with  wastewater  treatment  [6], 

Due  to  the  differences  in  the  downstream  processes,  there  are 
several  kinds  of  products  that  could  be  produced  from  microalgal 
biomass,  as  shown  in  Fig.  1.  The  triacylglycerols  (TAG)  in  micro¬ 
algal  lipid  could  be  converted  into  biodiesel  via  transesterification 
process  [7],  This  process  is  already  mature  and  reliable,  and  the 
conversion  efficiency  could  be  as  high  as  96%  in  certain  cases  [8], 
The  saccharides  in  microalgal  biomass  could  be  used  to 
produce  bioethanol  or  biogas  via  fermentation  [9]  or  anaerobic 
digestion  [10],  Also,  some  microalgal  species  could  produce  bio¬ 
hydrogen  via  biophotolysis  of  water  [11]  or  biodegradation  of 
starch  [12],  The  protein  in  microalgal  biomass  is  a  superior  raw 
material  for  animal  feeds,  and  could  be  used  as  additive  of  animal 
feeds  or  as  fish  feeds  [13].  Besides,  some  microalgal  species  could 
produce  several  valuable  fine  chemicals,  such  as  polyunsaturated 
fatty  acids,  saccharides  which  could  improve  human  immunity, 
astaxanthin,  carotenoid  etc.  [4,14,15], 

Although  microalgae-based  bioenergy  is  considered  renewable 
and  sustainable  by  many  researchers  [7,16],  the  resource  con¬ 
sumption  during  the  production  of  microalgal  biomass  is  inevi¬ 
table  and  may  become  the  main  barrier  in  the  future  large-scale 
application  of  this  energy  form.  Several  life-cycle  assessments 
have  been  conducted  to  analyze  the  resource  demand  in  the  large- 


scale  production  of  microalgal  biofuel.  Water  and  inorganic 
nutrients  were  identified  as  important  limiting  resources  [17- 
19],  In  the  assessment  of  Yang  et  al.,  the  water,  nitrogen  and 
phosphorus  usage  of  microalgal  biodiesel  under  the  scale  regu¬ 
lated  by  the  Energy  Independence  and  Security  Act  of  the  USA 
would  reach  85.7%,  31%  and  103.5%  of  the  national  usage  in  2010  if 
freshwater  is  used  without  recycling  [17], 

However,  the  huge  consumption  of  water  and  nutrients  for  the 
production  of  microalgal  biomass  could  be  offset  by  coupling 
microalgal  cultivation  with  wastewater  treatment  [6],  As  high¬ 
lighted  by  Yang,  using  wastewater  for  microalgal  cultivation  would 
reduce  90%  water  demand  and  eliminate  the  need  of  all  the 
nutrients  except  phosphorus  [17],  Besides  the  inorganic  nutrients, 
part  of  the  organic  matters  in  wastewater  could  also  be  utilized  for 
the  mixotrophic  cultivation  of  some  microalgae.  The  biomass  and 
lipid  production  of  microalgae  under  mixotrophic  growth  condi¬ 
tions  was  usually  much  higher  than  that  under  photoautotrophic 
growth  conditions  [20-22],  Therefore,  wastewater  could  provide 
most  essential  resources  for  large-scale  microalgal  cultivation, 
including  water  resource,  organic  matter  and  inorganic  nutrients 
(as  shown  in  Fig.  2). 

The  technology  of  utilizing  microalgae  for  low-cost  and 
environment-friendly  wastewater  treatment  process  as  well  as 
an  alternative  energy  source  was  analyzed  early  on  [23,24],  But  the 
possibility  to  achieve  dual  purpose  in  a  single  coupled  system  has 
only  been  recently  proposed  [6,16],  Because  of  the  promising 
sustainability  of  microalgal  cultivation  using  wastewater  as 
resource,  many  researchers  have  been  focusing  on  this  topic. 

Microalgae  could  grow  in  various  living  conditions,  even  in  some 
extreme  conditions;  for  example,  Dunaliella  salina  which  grows  in 
high  salinity  [25],  However,  due  to  the  particularities  and  complexity 
of  wastewater,  many  microalgal  species  are  not  adapted  to  waste- 
water.  In  the  research  of  Li  et  al.,  8  microalgal  species  among  12 
species,  which  were  highlighted  in  the  literature  because  of  high 
biomass  production  and  high  lipid  content,  showed  nearly  no 
growth  in  domestic  secondary  effluent  [26],  These  results  indicate 
that  specific  microalgal  species  could  only  adapt  to  specific  growth 
environment.  Therefore,  the  proper  selection  of  microalgal  species  is 
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Fig.  1.  The  products  could  be  obtained  from  microalgal  biomass. 


Fig.  2.  Resources  within  wastewater  for  microalgal  cultivation. 
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Fig.  3.  The  TN  and  TP  concentrations  of  wastewater  used  in  recent  researches. 
Region-I  represents  domestic  secondary  effluent;  Region-11  represents  domestic 
wastewater  or  domestic  primary  effluent;  Region-Ill  represents  wastewater  from 
livestock  breeding  and  agriculture  or  centrate  of  domestic  wastewater. 

the  foundation  and  key  point  to  achieve  sustainable  microalgal 
biomass/lipid  production  using  wastewater  as  resource. 

In  this  review,  the  recent  efforts  on  microalgal  cultivation  using 
wastewater  as  resource  are  summarized.  The  literature  cited  by 
this  review  was  found  in  Web  of  Knowledge.  Most  of  the  literature 
published  around  2007  to  2013  with  the  words  “microalga*”  and 
“wastewater”  in  the  titles  or  abstracts  or  key  words  were  included. 

Generally,  this  review  summarizes  the  characteristics  of  waste- 
water  used  in  recent  studies,  the  most  commonly-used  microalgal 
species  and  part  of  their  cellular  properties,  the  biomass  and  lipid 
production  of  different  microalgal  species  in  wastewater,  the 
isolation  approaches  of  microalgal  species  and  the  selecting 
indices  of  microalgal  species  adaptable  to  the  growth  in  waste- 
water.  On  this  basis,  the  review  also  explores  the  limitations  of 
recent  studies  and  future  research  needs  for  sustainable  microalgal 
biomass/lipid  production  using  wastewater  as  resource. 


2.  Characteristics  of  wastewater  used  in  recent  researches 
for  microalgal  cultivation 

The  total  nitrogen  (TN)  and  total  phosphorus  (TP)  concentrations  of 
wastewater  would  differ  significantly  depending  on  the  wastewater 
type.  Fig.  3  summarizes  the  TN  and  TP  concentrations  of  wastewater 
used  in  recent  researches  for  microalgal  cultivation.  This  figure  can  be 
divided  into  three  regions  representing  different  types  of  wastewater. 
In  Region-1,  the  concentrations  of  TN  and  TP  are  relatively  low  (TN: 
about  5-30  mg  L  1 ;  TP:  about  0.2-3  mg  L  1 ),  and  it  is  the  typical 
water  quality  of  domestic  secondaiy  effluent.  In  Region-II,  the  con¬ 
centrations  of  TN  and  TP  are  in  the  range  of  20-80  mg  L  1  and 
3-7  mg  L  ' ,  representing  domestic  wastewater  or  domestic  primary 
effluent.  In  Region-Ill,  the  concentrations  of  TN  and  TP  are  much 
higher  (TN:  about  10-1000  mg  L_1;  TP:  about  9-110  mg  L_1)  than 
that  in  the  other  two  regions.  The  wastewater  from  livestock  breeding 
and  agriculture  is  usually  in  this  region,  such  as  anaerobic  digested 
poultry  litter  effluent  or  dairy  manure  and  olive-oil  mill  wastewater. 
However,  these  lands  of  wastewater  always  contained  nutrients  of  an 
extremely  high  concentration,  and  thus  had  to  be  diluted  before 
microalgal  cultivation.  Besides,  the  centrate  of  domestic  wastewater 
was  also  in  Region-Ill. 

Although  wastewater  could  provide  some  essential  resources 
for  large-scale  microalgal  cultivation,  it  is  quite  different  from 
common  culture  medium.  The  major  difference  between  waste- 
water  and  artificial  culture  medium  is  the  high  complexity  of 
wastewater  in  terms  of  composition.  The  concentration  of  nutri¬ 
ents  in  wastewater,  such  as  nitrogen  and  phosphorus,  varies  in  a 


large  range  (as  shown  in  Fig.  3).  Much  nitrogen  may  exist  in 
wastewater  in  the  form  of  ammonia,  which  could  inhibit  micro¬ 
algal  growth  at  high  concentration  [27,28].  Besides  the  high 
concentration  of  ammonia,  wastewater  could  also  contain  other 
chemical  or  biotic  inhibitor  of  microalgal  growth.  In  domestic 
wastewater,  the  organic  matters  could  stimulate  the  growth  of 
other  microorganisms  such  as  bacteria,  so  that  they  may  out- 
compete  microalgae  for  the  uptake  of  essential  nutrients.  While  in 
industrial-derived  wastewater,  the  presence  of  toxins  such  as 
heavy  metals  (cadmium,  mercury  or  zinc)  is  an  important  factor 
which  can  interfere  with  microalgal  growth  [29],  In  addition,  the 
pathogenic  bacteria  and  virus  or  predatory  zooplankton  in  differ¬ 
ent  kinds  of  wastewater  could  also  inhibit  microalgal  growth  as 
well  [5],  These  adverse  factors  will  differ  significantly  depending 
on  the  wastewater  type  or  from  one  wastewater  treatment  site  to 
another,  and  set  higher  requirements  on  microalgal  species  than 
that  in  traditional  microalgal  cultivation. 


3.  Microalgal  species  used  in  recent  researches 

Microalgal  species  used  in  recent  researches  and  some  of  their 
cellular  properties  are  summarized  in  Table  1.  The  main  downstream 
products  of  these  microalgae  are  microalgal  lipid  and  biodiesel. 
Generally,  the  microalgae  cultivated  within  wastewater  could  be 
divided  into  photoautotrophic  microalgae  and  mixotrophic  micro¬ 
algae  according  to  the  carbon  source  used  by  microalgal  cell. 
Photoautotrophic  microalgae  could  only  assimilate  inorganic  carbon 
for  growth  and  showed  nearly  no  removal  to  the  organic  carbon  in 
wastewater;  while  mixotrophic  microalgae  could  assimilate  both 
inorganic  carbon  and  organic  carbon  (usually  determined  by  Chemi¬ 
cal  Oxygen  Demand,  COD)  in  wastewater.  Because  the  organic 
matters  varied  widely  in  different  types  of  wastewater,  some  micro¬ 
algal  species  would  show  the  ability  of  photoautotrophic  growth  in  a 
specific  wastewater,  and  the  ability  of  mixotrophic  growth  in  another. 
These  microalgal  species  include  Botryococcus  braunii,  Chlorella 
vuglaris,  Scenedesmus  obliquus,  etc. 

Among  photoautotrophic  microalgal  species,  unicellular  green 
microalgae  seems  to  be  particularly  tolerant  to  many  wastewater 
conditions  [22,26,30].  Therefore,  they  are  the  most  commonly- 
used  microalgal  species.  As  shown  in  Table  1,  there  are  25  green 
microalgal  species  out  of  all  the  35  species.  Among  green  micro¬ 
algae,  Chlorella  and  Scenedesmus  are  usually  the  predominant 
species  of  the  microalgal  communities  in  waste  stabilization  ponds 
[31,32]  or  high-rate  algal  ponds  [33]. 

Although  microalgae  used  to  be  defined  as  a  kind  of  photo¬ 
autotrophic  microorganism,  their  ability  of  assimilating  organic 
carbon  has  been  demonstrated  in  recent  researches  [34],  Further¬ 
more,  the  biomass  and  lipid  production  of  some  microalgae  were 
enhanced  significantly  when  certain  organic  matters  were  used  as 
carbon  source  [35].  There  are  several  kinds  of  carbon  matters 
within  wastewater  which  could  be  utilized  for  mixotrophic  micro¬ 
algal  cultivation.  In  the  research  of  Markou  et  al.,  Sprirulina 
platensis  was  found  to  be  able  to  assimilate  phenols  and  carbohy¬ 
drate  in  the  olive-oil  mill  wastewater,  and  a  total  chemical  oxygen 
demand  (COD)  removal  of  73.18%  was  achieved  [36],  Besides 
Sprirulina  platensis,  several  other  microalgal  species  were  found 
to  obtain  the  ability  of  mixotrophic  growth  in  wastewater,  includ¬ 
ing  Botryococcus  braunii,  Chlorella  minutissima,  Scenedesmus  obli¬ 
quus  etc.  All  the  microalgal  species  mentioned  above  showed 
considerable  COD  removal  property. 

The  size  and  shape  of  different  microalgal  species  used  in 
recent  studies  are  various,  and  these  properties  are  highly  related 
to  the  ability  of  settlement.  Gravitational  settling  is  one  of  the 
most  commonly  used  and  simple  approaches  for  microalgal 
biomass  harvest  [37],  According  to  Stokes'  law,  the  settling  rate 
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Table  1 

Microalgal  species  used  for  bioenergy  production  using  wastewater  in  recent  researches. 


Microalgal  species 

Cell  shape  and  size  (pm) 

Wastewater  type 

Reference 

Photoautotrophic  microalgal  species 

Botryococcus  braunii 

Ellipsoid,  cluster;  L:  10-15;  W:  3-7 

Secondarily  treated  piggery 
wastewater;  carpet  industry 
effluents;  domestic  secondary 
effluent 

[26,30,50,97] 

Chlamydomonas  debaryana 

Ellipsoid;  R:  6-10 

Domestic  secondary  effluent 

[22] 

Chlamydomonas  pitschmannii 

Ellipsoid;  R:  6-10 

Domestic  secondary  effluent 

[22] 

Chlamydomonas  reinhardtii 

Ellipsoid;  R:  6-10 

Influent,  effluent  and  centrate  of 
municipal  wastewater 

[51] 

Chlorella  ellipsoidea 

Ellipsoid;  R:  2-6 

Domestic  secondary  effluent 

[54] 

Chlorella  minutissima 

Sphere;  R:  2-6 

Municipal  wastewater 

[30] 

Chlorella  saccharophila 

Sphere;  R:  2-6 

Carpet  industry  effluents 

[97] 

Chlorella  sorokiniana 

Sphere;  R:  2-6 

Domestic  secondary  effluent 

[26] 

Chlorella  stigmatophora 

Sphere;  R:  2-6 

Domestic  secondary  effluent 

[104] 

Chlorella  vuglaris 

Sphere;  R:  2-6 

Domestic  secondary  effluent; 
municipal  wastewater; 

122,26,30,105,106,107,108, 

109,43,44,110] 

Chlorella  sp. 

Sphere;  R:  2-6 

Municipal  wastewater 

[HI] 

Cyclotella  hebeiana 

Disc-shaped;  R:  15-50 

Domestic  secondary  effluent 

[26] 

Dunaliella  primolecta 

Ellipsoid;  R:  10-16 

Domestic  secondary  effluent 

[26] 

Dunaliella  tertiolecta 

Ellipsoid;  R:  10-16 

Carpet  industry  effluents 

[97] 

Isochrysis  sp. 

Ellipsoid;  L:  4.4-7.1;  W:  2.7-4.4 

Domestic  secondary  effluent 

[26] 

Micractinium  sp. 

Ellipsoid;  R:  5-9 

Domestic  secondary  effluent 

[22] 

Neochloris  oleoabundans 

Sphere;  R:  4-8 

Domestic  secondary  effluent 

[48] 

Nitzschia  hantzschiana 

Cylinder/rhomb;  L:  8-12;  W:  2-4 

Domestic  secondary  effluent 

[26] 

Parachlorella  ( Chlorella )  kessleri 

Sphere;  R:  2-6 

Oil  sands  tailings  pond  water 

[112] 

Phaeodactytum  ericomutum 

Fusiformis;  L :  8-12;  W:  3-4 

Domestic  secondary  effluent 

[26] 

Planktothrix  isothrix 

Strip;  L:  100-200;  W:  2-4 

Municipal  wastewater 

[44] 

Pleurochrysis  carterae 

Sphere/ellipsoid;  R:  1-4 

Carpet  industry  effluents 

[97] 

Scenedesmus  dimorphus 

Tetramer;  L :  4-10;  W:  3-7 

Secondary  effluent  of 
agroindustrial  wastewater 

[107] 

Scenedesmus  obliquus 

Tetramer;  L:  4-10;  W:  3-7 

Domestic  secondary  effluent 

[108,113] 

Scenedesmus  quadricauda 

Tetramer;  L :  4-10;  W:  3-7 

Municipal  wastewater 

[114] 

Scenedesmus  rubescens 

Tetramer;  L :  4-10;  W:  3-7 

Municipal  wastewater 

[109] 

Scenedesmus  sp. 

Tetramer;  L :  4-10;  W:  3-7 

Municipal  wastewater;  domestic 
secondary  effluent 

[22,26] 

Schizochytrium  sp. 

Sphere;  R:  2-8 

Domestic  secondary  effluent 

[26] 

Spirulina  platensis 

Spiral;  L:  200-500;  W:  5-10 

Domestic  secondary  effluent 

[26] 

Synechococcus  nidulans 

Ellipsoid;  R :  0.8-1.5 

Domestic  secondary  effluent 

[30] 

Mixotrophic  microalgal  species 

Auxenochlorella  protothecoides 

Ellipsoid 

Concentrated  municipal 
wastewater 

[49,55] 

Botryococcus  braunii 

Ellipsoid,  cluster;  L:  10-15;  W:  3-7 

Domestic  secondary  effluent 

[115] 

Chlorella  kessleri 

Sphere;  R:  2-6 

Domestic  secondary  effluent 

[116] 

Chlorella  minutissima 

Sphere;  R:  2-6 

Municipal  wastewater 

[117] 

Chlorella  pyrenoidosa 

Sphere;  R:  2-6 

Soybean  processing  wastewater; 
biogas  wastewater 

[53,118] 

Chlorella  sorokiniana 

Sphere;  R:  2-6 

Diluted  anaerobically  digested 
poultry  litter  effluent; 
concentrated  municipal 
wastewater;  domestic  secondary 
effluent;  pretreated  anaerobically 
digested  sludge  liquor 

[22,55,117,119] 

Chlorella  vuglaris 

Sphere;  R:  2-6 

Industrial  dairy  waste; 
concentrated  municipal 
wastewater 

[55,20] 

Heynigia  sp. 

- 

Concentrated  municipal 
wastewater 

[55] 

Hindakia  sp. 

- 

Concentrated  municipal 
wastewater 

[55] 

Micractinium  sp. 

Ellipsoid;  R:  5-9 

Concentrated  municipal 
wastewater 

[55] 

Scenedesmus  bijuga 

Tetramer;  L:  4-10;  W\  3-7 

Diluted  anaerobically  digested 
poultry  litter  effluent 

[117] 

Scenedesmus  obliquus 

Tetramer;  L:  4-10;  W\  3-7 

Brewery  effluent 

[120] 

Scenedesmus  sp. 

Tetramer;  L:  4-10;  W:  3-7 

Concentrated  municipal 
wastewater 

[55] 

Spirulina  platensis 

Spiral;  L:  200-500;  W:  5-10 

Diluted  olive-oil  mill  wastewater 

[36] 

Part  of  the  information  about  the  cell  shape  and  size  was  from  the  Culture  Collection  of  Algae  at  The  University  of  Texas  at  Austin  and  Microbial  Culture  Collection  at  National 
Institute  for  Environmental  Studies.  L=length;  W=width;  R=radius. 
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of  particles  would  increase  significantly  with  the  increase  of  the 
equivalent  radius,  and  thus  the  microalgal  cell  with  larger  cell  size 
would  be  easier  to  settle.  The  radius  of  Chlorella  is  in  the  range  of 
2-6  pm  (usually  less  than  4  pm),  which  was  relatively  small 
among  all  the  commonly-used  microalgal  species  leading  to  the 
difficulty  in  settling. 

Besides  the  size  of  a  single  cell,  the  morphology  of  microalgal  cell 
would  also  be  another  important  factor  influencing  the  settling  rate, 
because  some  microalgal  species  would  form  aggregation  with  much 
larger  size  than  a  single  cell  during  growth  naturally  increasing  the 
settling  ability  significantly.  For  example,  Botryococcus  braunii  would 
form  clusters  of  several  cells  during  growth  while  Scenedesmus  would 
usually  grow  in  the  way  of  tetramer.  These  particular  aggregations 
formed  by  different  microalgal  species  could  also  protect  themselves 
from  the  predators  in  wastewater  to  some  extent. 

The  performance  on  biomass  production  and  lipid  accumulation 
of  different  microalgal  species  varies  significantly  in  wastewater.  In 
the  next  section,  the  general  biomass  and  lipid  production  proper¬ 
ties  of  these  microalgal  species  will  be  reviewed  briefly. 

4.  Biomass  and  lipid  production  of  different  microalgal  species 
in  wastewater 

In  the  recent  studies  on  microalgal  biomass  and  lipid  production  in 
wastewater,  researchers  usually  focused  only  on  microalgal  cultivation 
without  the  discussion  on  the  downstream  process  of  biomass.  One  of 
the  main  reasons  is  that  the  downstream  process  is  relatively  mature, 
and  there  is  no  essential  difference  between  the  conversion  of 
microalgal  biomass  from  wastewater  and  biomass  from  other  sources. 
Besides,  the  downstream  process  might  be  beyond  the  research  area 
of  some  researchers  focusing  on  microalgal  cultivation. 

In  this  section,  the  biomass  and  lipid  production  properties  of 
microalgal  species  listed  in  Table  1  are  summarized,  and  the  down¬ 
stream  process  of  biomass  to  produce  bioenergy  is  discussed  subse¬ 
quently.  Generally,  the  biomass  and  lipid  production  of  microalgae 
would  be  influenced  significantly  by  nutrient  level  [38,39],  tempera¬ 
ture  [38,40]  and  light  [41,42],  However,  the  research  on  these 
influence  fators  are  always  conducted  in  artificial  culture  medium 
rather  than  in  wastewater.  Some  researchers  investigated  the  effects  of 
different  nutrient  levels  in  wastewater  on  microalgal  biomass  and  lipid 
production  by  adding  extra  nutrient  into  wastewater  [43,44].  But,  as 
for  temperature  and  light,  only  normal  cultivation  conditions  were 
used  in  these  studies  (temperature:  around  25-30  C,  light:  about 
40-200  pmol  photons  m~2  s_1). 

4.1.  Biomass  production 

The  maximal  biomass  production  of  some  microalgal  species  in 
wastewater  are  summarized  in  Fig.  4.  As  the  nitrogen  and 
phosphorus  concentrations  of  different  wastewater  varied  widely 
(as  shown  in  Fig.  3),  the  biomass  production  of  a  single  microalgal 
species  changed  in  a  wide  range.  Therefore,  a  simple  average  value 
could  not  represent  the  growth  condition  of  a  specific  microalgal 
species  in  wastewater.  The  data  points  were  divided  into  three 
types  just  as  that  in  Fig.  3,  representing  the  biomass  production  of 
a  specific  microalgal  species  in  a  specific  wastewater  region 
(Fig.  4).  In  addition,  Fig.  4  is  divided  into  two  parts:  the  left  part 
summarizes  the  biomass  production  obtained  in  photoautotrophic 
growth;  the  right  part  summarizes  those  in  mixotrophic  growth. 

When  the  nutrient  concentration,  especially  nitrogen  and 
phosphorus,  increased  in  a  certain  range,  the  microalgal  biomass 
production  would  increase  significantly  [45-47].  Thus,  microalgal 
biomass  production  obtained  in  the  wastewater  Region-I  was 
usually  much  lower  (<0.6gL_1)  than  that  obtained  in  other 
two  regions.  However,  in  some  researchers'  studies,  some 


microalgal  species  could  also  achieve  relatively  high  biomass 
production  at  low  nutrient  concentration.  A  typical  example  is 
that  Botryococcus  braunii  obtained  a  biomass  production  as  high  as 
1.88  gL~]  in  domestic  secondary  effluent  (NH4+:  12.76  mg  L-1; 
P043~  :  2.0  mg  L_1)  in  an  11  1  BioFlo  reactor  at  25  DC  and  3500  lx  in 
12:12  h  (light:dark)  period  [30], 

In  wastewater  Region-II,  microalgal  biomass  production  varied 
from  0.2  to  2.1  gL_1.  Compared  with  other  microalgal  species, 
Neochloris  oleoabundans  obtained  higher  biomass  production. 
In  the  study  of  Wang  et  al.,  Neochloris  oleoabundans  was  cultivated 
in  secondary  municipal  wastewater  with  the  addition  of  extra 
nitrogen  and  phosphorus  [48],  A  biomass  production  of  2.1  g  L_1 
was  achieved  with  the  enrichment  of  70  mg  N  L_1  at  30  °C. 

In  wastewater  Region-Ill,  many  microalgal  species  showed  the 
ability  to  remove  COD  from  wastewater,  and  thus  they  were 
considered  in  the  condition  of  mixotrophic  growth,  such  as 
Auxenochlorella  protothecoides  [49]  and  Spirulina  platensis  [36], 
Due  to  higher  nitrogen  and  phosphorus  concentration  in  waste- 
water  Region-Ill,  most  microalgal  species  obtained  higher  biomass 
production,  ranging  from  0.3  to  8.5  g  L  Interestingly,  the  highest 
biomass  production  in  Region-Ill  was  achieved  in  photoauto¬ 
trophic  growth  rather  than  mixotrophic  growth.  In  the  study  of 
An  et  al.,  Botryococcus  braunii  was  cultivated  in  secondarily  treated 
piggery  wastewater  with  a  TN  concentration  of  836  mg  L~ 1  and  a 
P04-P  concentration  of  40mgL~\  and  a  biomass  production  as 
high  as  8.5  g  L_1  was  achieved  after  12  d  at  25  °C  and  continuous 
illumination  of  100  pmol  photons  m-2  s_1  [50],  However,  this 
study  did  not  reveal  the  ability  of  Botryococcus  braunii  using  the 
organic  matters  in  secondarily  treated  piggery  wastewater  [50], 
Similar  biomass  production  (about  8.2  g  L_1)  was  achieved  in  the 
study  of  Kong  et  al.  by  Chlamydomonas  reinhardtii  in  100%  centrate 
of  municipal  wastewater  with  TKN  concentration  of  128.6  mg  L_1 
and  TP  concentration  of  120.6  mg  at  25  °C  and  continuous 
illumination  of  200  pmol  photons  m~2  s_1  [51], 

The  maximal  biomass  production  was  a  parameter  related  to 
cultivation  time  to  some  extent.  In  order  to  better  cross-reference 
the  data  in  literature,  the  average  biomass  productivity,  that  is,  the 
maximal  biomass  production  divided  by  cultivation  time,  was 
cited  or  calculated  and  summarized  in  Fig.  5. 

Most  microalgal  biomass  productivity  was  below  0.2  g  L_1  d~' 
(about  70%  of  all  the  data  points),  which  was  similar  to  the 
biomass  productivity  in  artificial  culture  medium  as  reviewed  by 
Griffiths  et  al.  [52].  However,  extremely  high  biomass  productivity 
was  also  achieved  by  some  microalgal  species  in  certain  waste- 
water.  Botryococcus  braunii  in  secondary  treated  piggery  waste- 
water  was  a  prime  example  as  highlighted  above  with  an  average 
biomass  productivity  about  0.72  g  L_1  d_1  [50], 

Besides  Botryococcus  braunii,  Chlorella  pyrenoidosa  and  Chlamy¬ 
domonas  reinhardtii  also  obtained  high  biomass  productivity  in 
different  studies.  In  the  study  of  Su  et  al.,  Chlorella  pyrenoidosa 
was  cultivated  in  soybean  processing  wastewater  and  an  average 
biomass  productivity  of  0.64  gL_1  d_1  was  achieved  by  fed-batch 
culture  [53];  in  the  study  of  Kong  et  al.,  Chlamydomonas  reinhardtii 
was  cultivated  in  centrate  of  municipal  wastewater  and  a  maximal 
biomass  productivity  of  2.0  g  L_1  d_1  was  achieved  [51], 

These  values  of  microalgal  biomass  productivity  in  wastewater 
were  even  higher  than  the  maximal  value  achieved  in  artificial 
medium  as  reviewed  by  Griffiths  [52],  that  is,  0.59  g  L_1  d~’  obtained 
by  Tetrashlmis  suecica.  These  results  demonstrated  the  potential  of 
using  wastewater  as  resource  for  microalgal  cultivation. 

4.2.  Lipid  production 

The  lipid  content  of  different  microalgal  species  cultivated  in 
wastewater  is  summarized  in  Fig.  6.  In  many  studies,  the  lipid  content 
of  microalgae  was  not  determined.  Thus,  the  data  size  of  Fig.  6  was 
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Fig.  4.  Maximal  biomass  production  of  different  microalgal  species  in  wastewater. 
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obviously  smaller  than  that  of  Figs.  3  and  4.  The  lipid  content  of  most 
microalgae  was  in  the  range  of  10-30%.  Microalgal  lipid  accumulation 
was  usually  enhanced  by  nutrient  depletion  [38,45].  Therefore,  in 
contrast  to  biomass  production  and  productivity,  the  highest  lipid 
content  was  achieved  in  domestic  secondaiy  effluent  with  low 
nutrient  concentration.  Scenedesmus  sp.  LX1  was  a  promising 
microalgal  species  in  domestic  secondary  effluent,  with  better  per¬ 
formance  on  biomass  production  and  lipid  accumulation  than 
other  11  high-lipid-content  microalgae  [26],  In  addition,  Chlorella 
ellipsoidea  YJ1  isolated  by  Yang  could  achieve  a  lipid  content  of  about 
40%  in  domestic  secondary  effluent  [54],  which  is  the  highest  value  in 
Fig.  6. 

In  the  previous  studies,  microalgal  biomass  production  was 
usually  found  to  contradict  lipid  content,  as  microalgal  biomass 
production  was  inhibited  by  nutrient  depletion  while  the  lipid 
content  was  enhanced  under  the  same  cultivation  condition.  Thus, 
when  the  lipid  content  was  highest,  the  total  lipid  production  was 
not  necessarily  high  [38,45],  Griffiths  et  al.  proposed  lipid  pro¬ 
ductivity  as  a  key  index  for  lipid  production  by  microalgae  [52],  In 
the  review  conducted  by  Griffiths  et  al.,  the  average  lipid  produc¬ 
tivity  was  calculated  as  the  product  of  average  microalgal  biomass 
productivity  and  lipid  content.  In  this  review,  the  same  method 
was  used  to  obtain  the  average  lipid  productivity  if  this  value  was 
not  given  in  the  literature.  These  data  (cited  and  calculated)  are 
summarized  in  Fig.  7. 

Generally,  the  average  lipid  productivity  of  all  the  microalgal 
species  in  wastewater  Regions-I  and  II  was  less  than  10  mg  L  1  d  '. 
Compared  with  that,  many  microalgal  species  in  Wastewater  Region- 
Ill  could  achieve  average  lipid  productivity  ranging  from  20  to 
lOOmglAdA  The  lipid  productivity  of  Auxenochlorella  protothe¬ 
coides  [49],  Chlamydomonas  debaryana  [51],  Chlorella  sorokiniana  [55] 
and  Hindakia  sp.  [55]  in  Region-Ill  could  reach  about  80  mg  L_1  d_1  or 
even  higher. 


Furthermore,  the  average  lipid  productivity  of  two  other  microalgal 
species  was  more  than  200  mg  L_1  d-1,  which  was  even  higher  than 
the  maximal  value  achieved  in  artificial  medium  as  reviewed  by 
Griffiths  et  al.  [52],  In  the  study  of  Su  et  al.,  Chlorella  pyrenoidosa 
achieved  an  average  lipid  productivity  of  236.8  mg  L~ 1  d~ 1  under  the 
condition  of  fed-batch  culture  in  soybean  processing  wastewater  at 
27  +  1  °C  and  40.5  (tmol  photons  m~2  s_1  in  14:10  h  (light:dark) 
period  [53],  In  the  study  of  Abreu  et  al.,  Chlorella  vuglaris  was 
cultivated  in  hydrolyzed  cheese  whey  (5gL~'  glucose  and  5gL_1 
galactose)  at  30  °C  and  70  pmol  photons  m~2  s-1,  and  a  lipid  pro¬ 
ductivity  about  250  mg  L_1  d_1  was  obtained  [20], 

The  average  lipid  productivity  seemed  to  be  more  closely 
related  to  the  average  biomass  productivity  rather  than  lipid 
content,  mainly  because  the  lipid  content  would  only  change  in 
a  limited  range  (from  10%  to  40%  as  shown  in  Fig.  6),  but  the 
biomass  productivity  would  change  much  more  significantly.  Thus, 
higher  lipid  productivity  was  usually  achieved  along  with  higher 
biomass  productivity.  Similar  phenomenon  was  also  found  in  the 
study  of  Griffiths  et  al.  [52], 

In  summary,  microalgal  biomass  and  lipid  production 
obtained  from  wastewater  was  comparable  to  that  obtained  from 
artificial  culture  medium.  In  some  cases,  the  biomass  and  lipid 
productivity  of  certain  microalgal  species  was  even  higher  than 
the  maximal  value  achieved  in  artificial  culture  medium  as 
reviewed  by  Griffiths  et  al.  The  biomass  and  lipid  productivity 
of  different  microalgal  species  increased  generally  with  the 
increase  of  the  nitrogen  and  phosphorus  concentration  in  waste- 
water  (from  wastewater  Region-I  to  Region-Ill).  However,  some 
microalgal  species  also  achieved  high  biomass  production  under 
relatively  low  nutrient  concentration,  such  as  Botryococcus  brau¬ 
nii  in  the  study  of  Sydney  et  al.  Among  all  the  microalgal  species 
involved  in  this  review,  Botryococcus  braunii,  Chlorella  pyrenoi¬ 
dosa  and  Chlamydomonas  reinhardtii  showed  superior 
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Fig.  5.  Average  biomass  productivity  of  different  microalgal  species  in  wastewater. 
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Fig.  6.  Lipid  content  of  different  microalgal  species  in  wastewater. 

performance  on  biomass  production  or  lipid  production  in 
certain  wastewater. 

4.3.  The  downstream  process  converting  microalgal  biomass 
to  bioenergy 

Several  potential  downstream  processes  exist  for  the  conver¬ 
sion  from  microalgal  biomass  to  different  kinds  of  bioenergy. 
These  downstream  processes  and  corresponding  products  are 
summarized  in  Table  2.  Generally,  the  processes  converting  micro¬ 
algal  biomass  can  be  classified  into  three  categories:  (1)  the 
technologies  processing  whole  microalgal  biomass;  (2)  those 


processing  microalgal  extracts  (e.g.,  lipids,  carbohydrates);  and 
(3)  those  processing  microalgal  remnants  after  extraction.  Most  of 
these  technologies  are  primarily  based  on  similar  methods  devel¬ 
oped  for  the  conversion  of  terrestrial  plant-based  oils  and  other 
products  into  bioenergy,  although  the  compositional  complexities 
of  the  output  streams  from  microalgae  must  be  dealt  with  before 
these  technologies  can  be  applied  effectively  [5], 

The  pros  and  cons  of  these  technologies  within  each  of  the 
three  categories  have  already  been  reviewed  in  detail  in  National 
Algal  Biofuels  Technology  Roadmap  of  the  U.S.  Department  of 
Energy  [5],  Among  all  the  technologies,  those  processing  micro¬ 
algal  extracts  are  relatively  mature  and  economical.  The  conver¬ 
sion  efficiency  of  chemical  transesterification  can  be  as  high  as  96% 
under  optimized  conditions  [8],  and  this  is  why  biodiesel  is 
considered  as  the  potential  product  of  microalgal  biomass  in  most 
literature  about  microalgal  cultivation  in  wastewater.  The  enzy¬ 
matic  conversion  process  is  similar  to  chemical  transesterification, 
except  that  biocatalysts  (lipases)  are  used  [56].  The  catalytic 
cracking  technology  has  already  provided  the  renewable  jet  fuel 
blends  (derived  from  lipids  obtained  from  jatropha  and  micro¬ 
algae)  used  in  recent  commercial  jet  test  flights  [5], 

Compared  with  the  technologies  above,  anaerobic  digestion 
and  fermentation  is  also  relatively  mature,  and  has  already  been 
used  to  process  whole  microalgal  biomass  [5,57]  and  microalgal 
remnants  after  extraction  [5,10],  Other  technologies  processing 
whole  biomass,  such  as  supercritical  fluids  conversion  [58],  pyr¬ 
olysis  [59],  liquefaction  [60],  gasification  [61],  are  mainly  used  to 
convert  biomass  from  terrestrial  plants,  rather  than  microalgal 
biomass.  The  application  of  these  technologies  after  optimization 
in  processing  microalgal  biomass  is  conducted  mainly  in 
laboratory  scale. 

The  processes  converting  microalgal  biomass  from  wastewater 
would  not  be  significantly  different  from  those  converting  biomass 
from  artificial  culture  medium.  However,  it  is  necessary  to 
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Fig.  7.  Average  lipid  productivity  of  different  microalgal  species  in  wastewater. 


consider  the  possible  risk  of  processing  microalgal  biomass  from 
wastewater.  Many  microalgal  species  have  strong  ability  to  adsorb 
heavy  metals,  such  as  cadmium,  lead  [62],  nickel,  zinc  [63],  etc. 
Besides  heavy  metals,  some  micropollutants  such  as  Persistent 
Organic  Pollutants  (POPs)  and  Pharmaceutical  and  Personal  Care 
Products  (PPCPs)  might  also  accumulate  in  microalgal  biomass 
[64-66].  These  pollutants,  not  surprisingly,  would  bring  along 
uncertain  risk  and  adverse  effects  on  the  conversion  processes. 
Nevertheless,  there  have  been  few  relevant  researches. 


5.  Isolation  methods  of  microalgal  species  adaptable 
to  the  growth  in  wastewater 

In  order  to  obtain  microalgal  species  adaptable  to  wastewater, 
researchers  always  collected  samples  directly  from  wastewater  or 
from  the  environment  similar  to  wastewater.  The  general  isolation 
process  of  microalgal  species  is  shown  in  Fig.  8. 

Most  of  the  data  showed  in  Figs.  4-7  are  from  the  microalgal 
species  isolated  in  the  researchers'  studies.  These  species  usually 
showed  better  performance  in  wastewater  than  those  from  other 
environment.  For  example,  in  the  research  of  Li  et  al.,  Scenedesmus 
sp.  LX1  showed  higher  biomass  production,  nutrient  removal 
efficiency  and  lipid  content  than  other  11  microalgal  species 
reported  in  literature  when  cultivated  in  domestic  secondary 
effluent  [26],  One  of  the  most  important  reasons  for  this  phenom¬ 
enon  was  that  Scenedesmus  sp.  LX1  was  isolated  from  tap  water 
which  contained  nutrient  at  an  extremely  low  concentration. 
Therefore,  this  microalgal  species  could  adapt  to  domestic  sec¬ 
ondary  effluent  with  a  nutrient  concentration  much  lower  than 
that  in  artificial  culture  medium  while  other  microalgal  species 
could  not.  Similar  examples  could  be  found  in  other  studies 
[22,30],  Generally,  municipal  wastewater,  domestic  secondary 
effluent  and  the  walls  of  aeration  tank  in  wastewater  treatment 
plant  could  be  the  sample  source  for  microalgal  isolation. 

However,  in  the  isolation  process,  the  consistency  between  local 
growth  conditions  and  laboratory  cultivation  conditions  is  very 
difficult  to  maintain.  In  order  to  increase  microalgal  density  within 
water  sample  or  the  growth  rate  of  algal  colony  on  the  agar  plate, 


Table  2 

The  downstream  process  of  microalgal  biomass  to  produce  bioenergy. 


Downstream  process 

Products 

Reference 

Technologies  processing  whole  microalgal  biomass 

Anaerobic  digestion 

Biogas 

15,57] 

Supercritical  fluids  conversion 

Liquid/gas  fuels 

158] 

Pyrolysis 

Liquid/gas  fuels 

159] 

Liquefaction 

Liquid  fuels 

[60] 

Gasification 

Hydrogen 

[5] 

Liquid  hydrogen  fuels 

[61] 

Gasification-higher  alcohol  synthesis 

Methanol,  ethanol,  etc. 

1121] 

Technologies  processing  microalgal  extracts  (e.g.,  lipids,  carbohydrates) 


Chemical  transesterification 

Biodiesel 

[16,122] 

Enzymatic  conversion 

Biodiesel 

[56] 

Catalytic  cracking 

Gasoline,  kerosene,  diesel, 
olefin  aromatics 

[5] 

Technologies  processing  microalgal  remnants  after  extraction 

Anaerobic  digestion 

Biogas 

[10] 

Fermentation 

Ethanol 

15] 

extra  inorganic  nitrogen  and  phosphorus  is  usually  added.  This  is  the 
process  of  enrichment,  leading  to  different  growth  conditions  from 
sample  source.  Therefore,  microalgal  species  obtained  after  enrich¬ 
ment  may  not  adapt  to  the  original  environment  from  which  it  was 
isolated.  Technically,  enrichment  of  samples  is  not  indispensable  in  the 
process  of  isolation.  Nevertheless,  this  approach  could  reduce  the 
difficulty  of  isolation  and  the  afford  a  benefit  of  time  saving. 

Typically,  the  isolation  methods  of  microalgal  species  can  be 
divided  into  two  groups:  manual  isolation  methods  and  automatic 
isolation  methods.  Manual  isolation  methods  are  usually  based  on 
considerable  experimental  skills  and  experience,  including  traditional 
isolation  methods  such  as  streak  plate  method,  single-cell  isolation  by 
micropipette,  serial  dilution  techniques  [67]  and  some  novel  isolation 
methods  such  as  micromanipulation  [68].  Compared  with  that, 
automatic  isolation  methods  are  based  on  microfabricated  devices, 
including  atomized  cell  spray  technique  [67]  and  flow  cytometer  with 
the  capabilities  of  fluorescent  activated  cell  sorting  (FACS)  [69,70], 
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Fig.  8.  The  general  isolation  process  of  microalgal  species. 


All  these  isolation  methods  could  be  coupled  with  some 
reinforcement  techniques,  including  immunological  technique 
and  non-immunological  techniques  [71],  Immunological  techni¬ 
que  utilizes  the  specific  immunoreactions  of  cell  membrane 
protein  with  the  capturing  antibodies  because  the  integrated 
proteins  are  specific  for  their  functions.  This  method  obtains 
considerable  specificity  and  selectivity  but  may  damage  microalgal 
cell  to  some  extent.  On  the  other  hand,  non-immunological 
techniques  achieve  isolation  based  on  the  size,  shape  and  other 
physical  properties  of  microalgal  cell.  Different  physical  forces  are 
usually  utilized  in  these  methods,  including  dielectrophoresis  [72], 
hydrodynamic  separation  [73]  and  ultrasound  separation  [74],  The 
specificity  and  selectivity  of  non-immunological  techniques  is 
much  lower  than  immunological  technique  as  cells  do  not  show 
remarkable  differences  between  each  cell  type  with  the  exception 
of  immunological  properties  [71], 

The  classification  and  advantages/disadvantages  of  the  isola¬ 
tion  methods  mentioned  above  are  compared  in  Table  3.  Among 
all  the  isolation  methods,  the  technique  based  on  flow  cytometer 
with  the  capabilities  of  fluorescent  activated  cell  sorting  (FACS)  is 
relatively  rapid  and  precise.  More  importantly,  this  method  can  be 
applied  directly  to  natural  samples  without  enrichment  and  thus 
avoids  the  change  of  microalgal  living  conditions  in  the  isolation 
process.  Therefore,  this  method  seems  to  be  more  applicable  to  the 
isolation  of  microalgal  species  from  wastewater  samples.  The 
indices  of  microalgal  species  characterization  will  be  briefly 
reviewed  in  next  chapter. 


6.  Indices  to  select  proper  microalgal  species 

In  order  to  select  proper  microalgal  species,  some  selecting 
criteria  are  needed  to  distinguish  superior  microalgal  species  from 
others  obtained  in  the  isolation  process.  The  selecting  criteria  are 
composed  of  several  kinds  of  indices. 

The  indices  of  microalgal  species  for  biomass/lipid  production 
using  wastewater  as  resource  are  summarized  in  Table  4.  The 
whole  evaluation  system  of  microalgal  species  was  classified  into 
five  groups  of  indices.  The  indices  about  microalgal  biomass/lipid 
production  and  pollutant  removal  were  the  most  commonly  used 
in  the  previous  species  screening.  However,  due  to  the  particular¬ 
ity  and  complexity  of  wastewater,  the  indices  about  microalgal 
resistance  to  biotic  pollution  have  to  be  taken  into  consideration. 
Also,  because  of  the  huge  production  scale  in  the  future,  the 
indices  related  to  resource  consumption  are  very  important. 

6.1.  Indices  about  microalgal  biomass  production 

The  most  direct  index  about  microalgal  growth  is  the  maximal 
biomass  production  within  a  certain  cultivation  time  under  the 


same  cultivation  conditions.  This  is  usually  the  prime  index  in  the 
microalgal  species  screening  in  wastewater  conducted  by  several 
research  groups  [22,26,30],  Besides  the  final  biomass  production  at 
the  end  of  cultivation,  the  growth  rate  is  also  very  important. 
There  are  several  indices  related  to  microalgal  growth  rate, 
including  the  specific  growth  rate  (/r),  doubling  time  (td)  and 
biomass  productivity.  According  to  the  definition,  the  specific 
growth  rate  is  related  to  doubling  time  directly  via  Eq.  (1). 

p  =  In  2 /td  (1) 

where  p  is  the  specific  growth  rate  and  td  is  the  doubling  time. 

Compared  with  specific  growth  rate  and  doubling  time,  bio¬ 
mass  productivity  is  more  closely  related  to  the  total  biomass 
production.  Therefore,  this  index  is  more  commonly-used  in 
recent  researches  [52].  As  the  covering  area  of  microalgal  cultiva¬ 
tion  pond  is  limited  by  the  land  area  available,  the  studies  on  the 
microalgal  biomass  productivity  per  unit  area  presents  further 
practical  significance  than  that  on  biomass  productivity  per  unit 
volume  [75],  However,  this  index  was  usually  reported  by  only  one 
form  (either  per  unit  area  or  per  unit  volume)  in  literature,  leading 
to  the  difficulty  in  cross-referencing  these  data.  Thus,  it  is 
recommended  to  describe  productivity  in  both  ways  (per  unit 
area  and  per  unit  volume)  in  further  research. 

6.2.  Indices  about  microalgal  lipid  production 

Lipid  content  is  the  most  commonly  used  index  representing 
the  lipid  accumulation  property  of  certain  microalgal  species. 
However,  this  index  was  found  not  to  be  the  most  relevant 
parameter  on  the  total  lipid  production  both  in  this  review  and 
previous  study  [52].  The  examples  that  the  highest  lipid  content 
could  not  be  obtained  along  with  the  highest  lipid  production 
were  very  common  in  microalgal  studies  [38,45].  Thus,  the  total 
lipid  production  and  lipid  productivity  present  further  practical 
significance  in  the  aspect  of  lipid  production. 

As  microalgal  lipid  is  mainly  used  as  the  raw  material  of 
biodiesel,  the  indices  related  the  quality  of  biodiesel  is  also  very 
important  in  the  evaluation  of  microalgal  lipid  accumulation 
property.  These  indices  usually  include  the  triacylglycerol  (TAG) 
content  in  microalgal  lipid,  the  fatty  acid  (FA)  composition  and  the 
total  fatty  acid  methyl  ester  (FAME)  content  [76,77],  TAG  is  the 
direct  material  for  biodiesel  production;  FA  composition  would 
influence  the  quality  of  biodiesel  produced  from  microalgal  lipid; 
FAME  is  actually  the  main  content  of  biodiesel.  Only  parts  of  these 
indices  were  used  in  recent  researches.  However,  the  applicability 
of  a  certain  microalgal  species  as  the  feedstock  for  biodiesel 
production  can  be  evaluated  comprehensively  only  if  all  these 
indices  are  determined. 

6.3.  Indices  about  pollutant  removal 

The  evaluation  of  nutrient  removal  property  is  relatively  easier 
compared  with  growth  and  lipid  accumulation.  The  removal 
efficiency  of  nitrogen  and  phosphorus  within  certain  cultivation 
time  is  the  most  commonly-used  index.  In  recent  researches,  the 
abilities  of  different  microalgal  species  assimilating  organic  mat¬ 
ters  in  wastewater  had  been  revealed  [22,36].  Thus,  the  removal 
efficiency  of  chemical  oxygen  demand  (COD)  was  also  used  by 
some  researchers  to  evaluate  the  nutrient  removal  property  of 
microalgae  [49].  Some  heavy  metal  pollutants  in  industrial  waste- 
water  could  also  be  removed  from  wastewater  via  biological 
adsorption.  However,  due  to  high  toxin  concentration  and  gen¬ 
erally  low  nitrogen  and  phosphorus  concentration,  microalgal 
growth  rate  are  usually  much  lower  in  many  industrial  wastewater 
[78].  Thus,  there  is  less  potential  for  utilizing  industrial  wastewater 
as  resource  for  large-scale  microalgal  biomass  production. 
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Table  3 

The  classification  and  advantages/disadvantages  of  different  microalgal  isolation  methods. 


Isolation  methods 


Advantages 


Disadvantages 


Reference 


Manual  isolation  methods 

Streak  plate  method 

Relatively  easy;  low  requirements 
on  devices 

Time-consuming;  laborious;  the  species  which  cannot  grow 
on  solid  substrate  are  excluded 

- 

Single-cell  isolation  by  micropipette 
Serial  dilution  technique 
Micromanipulation 

Precision  on  the  level  of  a  single  cell 

Relatively  easy;  low  requirements  on  devices 
Precision  on  the  level  of  a  single  cell 

Laborious;  high  requirements  on  experimental  skills 
Time-consuming;  laborious 

Laborious;  high  requirements  on  experimental  skills  and  devices 

[71] 

[67] 

[68] 

Automatic  isolation  methods 

Atomized  cell  spray  technique 

Flow  cytometer 

Single  cell  can  be  obtained 

Precise  and  rapid;  applicable  directly 
to  natural  samples 

Possible  damage  to  cells;  high  requirements  on  devices 

High  requirements  on  devices  and  its  operation 

[67] 

[69,70] 

Reinforcement  techniques 

Immunological  isolation  technique 
Non-immunological  techniques 

High  specificity  and  selectivity 

Applicable  to  sensitive  cells;  lower  damage  to  cells 

Possible  damage  to  cells;  high  cost;  complicated  process 

Lower  specificity  and  selectivity 

[71] 

[71] 

Table  4 

Indices  of  microalgal  species  characterization  for  biomass/lipid  production  using  wastewater  as  resource. 


Index 


Physical  meanings  and  significance 


Biomass  production 

Maximal  biomass  production  (gL-1) 

Specific  growth  rate  (^,  d_1) 

Doubling  time  (h) 

Biomass  productivity  (g  L_1  d_1) 

Lipid  production 

Lipid  content  (%) 

Triacylglycerol  (TAG)  content  in  lipid  (%) 

Fatty  acid  (FA)  composition 

Total  fatty  acid  methyl  ester  (FAME)  content  (%) 

Lipid  productivity  (mg  L_1  d_1  or  mg  m-2  d-1) 

Pollutant  removal 

Removal  efficiency  (%) 

Removal  rate  (mg  L_1  d_1) 

Residual  pollutant  concentration  (mgL-1) 

Resistance  to  biotic  pollution 

Resistance  to  bacteria 
Resistance  to  virus  or  fungus 
Resistance  to  predatory  zooplankton 


The  maximal  biomass  concentration  achieved  in  the  cultivation  process 
The  increment  of  per  unit  microalgal  biomass  per  unit  time 
The  period  of  time  required  for  a  quantity  to  double  in  microalgal  biomass 
The  increment  of  microalgal  biomass  per  unit  time 


The  total  lipid  content  in  microalgal  biomass 

TAG  is  the  direct  material  for  the  production  of  biodiesel. 

This  index  represents  the  direct  material  for  biodiesel  obtained  from  microalgal  lipid 
FA  composition  means  the  degree  of  unsaturation  and  the  carbon  chain  length  of  FA  in 
microalgal  biomass,  and  would  affect  the  quality  of  biodiesel  produced  from  microalgal  lipid 
FAME  is  the  major  constituent  of  biodiesel.  This  index  represents  the 
direct  biodiesel  production  obtained  from  microalgal  biomass 
The  increment  of  microalgal  lipid  per  unit  time 

The  removal  efficiency  of  certain  pollutant  in  certain  time 
The  decrement  of  certain  pollutant  per  unit  time 

The  residual  concentration  of  certain  pollutant  after  certain  treatment  time 

The  competitive  growth  ability  of  microalgae  against  bacteria 
The  ability  of  microalgae  to  grow  against  parasitic  virus  or  fungus 
The  ability  of  microalgae  to  survive  the  grazing  of  predatory  zooplankton, 
and  may  relate  to  microalgal  cell  shape  and  size 


Resource  consumption 

Production  and  influence  of  Soluble  Algal  Products  (SAP,  mg  L-1)  SAP  represents  the  total  dissolved  matters  released  by  microalgal  cell  to  the  culture  medium. 

SAP  would  contribute  to  the  COD  of  microalgal  culture  medium, 
and  influence  the  growth  of  microalgal  cells 

Minimal  phosphorus  content  of  microalgal  cell  (Qo,  %)  Qo  is  the  minimal  phosphorus  content  necessary  for  the  metabolism  of  microalgal  cell. 

It  is  the  determining  factor  of  potential  biomass  yield  per  phosphorus 


Besides  the  final  removal  efficiency  of  certain  pollutant,  the 
removal  rate  and  the  residual  pollutant  concentration  are  also  very 
important.  The  removal  rate  is  directly  related  to  the  necessary 
hydraulic  retention  time  (HRT)  to  achieve  certain  removal  effi¬ 
ciency,  and  thus  would  influence  the  volume  of  structures  and  the 
operation  process  of  wastewater  treatment  process.  The  residual 
pollutant  concentration  is  an  important  index  to  evaluate  whether 
a  certain  treatment  process  could  achieve  the  wastewater  dis¬ 
charge  standard  or  not.  In  the  aspect  of  nitrogen  and  phosphorus 
removal,  microalgae  could  achieve  much  lower  residual  concen¬ 
tration  than  traditional  treatment  process.  However,  in  the  growth 
process  microalgal  cell  would  release  some  dissolved  matters, 
which  was  defined  as  Soluble  Algal  Products  (SAP)  and  would 
contribute  significantly  to  the  residual  COD  in  culture  medium 
[79].  Thus,  the  production  of  SAP  would  influence  the  lowest 
residual  COD  concentration  achieved  by  microalgae  significantly. 


6.4.  Indices  about  microalgal  resistance  to  biotic  pollution 

A  common  and  serious  problem  in  the  microalgal  cultivation  using 
unsterilized  wastewater  is  that  the  microalgal  biomass  would  crash 
unexpectedly  after  a  period  of  cultivation  time.  This  phenomenon 
happened  frequently  in  some  studies  [5]  and  in  the  previous  studies  of 
the  authors.  Nevertheless,  when  wastewater  was  sterilized  this 
phenomenon  would  hardly  happen.  Therefore,  biotic  inhibitory  factors 
in  wastewater,  such  as  the  pathogenic  bacteria  and  virus  or  predatory 
zooplankton,  were  considered  to  be  the  most  important  reason  for  the 
crash  of  microalgal  biomass  [5].  Most  of  the  data  reviewed  in  section 
4  was  obtained  under  sterilized  conditions. 

However,  in  the  large  scale  cultivation  of  microalgae  using 
wastewater,  the  process  of  sterilization  is  very  difficult  and  costly 
to  conduct.  It  is  also  very  difficult  to  prevent  the  cultivation  system 
from  biotic  pollution  in  large  scale  [80].  Thus,  the  resistance  to  the 
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biotic  inhibitory  factors  within  wastewater  is  necessaiy  to  be 
considered  in  the  screening  of  microalgal  species  adaptable  to 
the  growth  in  wastewater. 

The  contamination  process  and  control  approaches  of  these 
biotic  inhibitory  factors  have  been  reviewed  recently  by  Wang 
et  al.  [80],  Generally,  the  biotic  contamination  sources  includes 
zooplankton,  other  microalgae,  bacteria  and  virus.  In  the  review  of 
Wang  et  al.,  three  control  approaches  were  proposed,  including 
filtration,  the  addition  of  chemical  reagents  and  the  change  of 
cultivation  conditions,  such  as  light  and  temperature  [80],  Besides 
the  approaches  mentioned  above,  ultraviolet  (UV)  disinfection  is 
also  one  of  the  optional  technologies  to  sterilize  water,  which  is 
already  used  in  wastewater  treatment  process.  UV  disinfection 
gains  more  and  more  attention  because  of  its  several  advantages, 
including  high  disinfection  efficiency  with  most  viruses,  bacteria 
and  protozoa,  no  unidentified  toxic  disinfection  byproducts  (DBP) 
and  safe  operation  [81],  However,  the  disinfection  efficiency  of  UV 
lamps  would  decrease  significantly  with  the  increase  of  the 
turbidity  of  the  culture,  and  a  certain  dose  of  UV  irradiation  of 
certain  dose  may  also  inhibit  the  growth  of  microalgal  cell  [82], 
Therefore,  the  application  of  UV  disinfection  in  microalgal  cultiva¬ 
tion  needs  more  experimental  verification. 

The  inhibitory  effects  of  bacteria  and  virus  on  microalgae  has  been 
studied  early  on  [83-85],  Some  bacteria  and  viruses  were  also  utilized 
to  control  harmful  microalgae  in  algal  bloom,  such  as  Sphin2  gomonas 
sp.  [86]  and  Heterosigma  akashiwo  virus  clone  01  (HaVOl)  [87], 
However,  the  report  about  microalgal  abilities  to  resist  pathogenic 
bacteria  and  virus  are  still  very  limited  currently.  It  is  still  unclear 
which  microalgal  species  or  genus  obtains  higher  resistance  to 
bacteria,  virus  and  fungus,  and  why  they  are  resistant.  More  practical 
experiments  are  needed  to  identify  proper  microalgal  species. 

On  the  other  hand,  the  resistance  to  predatory  zooplankton  could 
refer  to  some  researches  about  the  feeding  properties  of  some 
predatory  microorganism.  Zhang  et  al.  investigated  the  feeding 
characteristics  of  a  golden  alga  ( Poterioochromonas  sp.)  grazing  on 
Microcystis  aeruginosa  [88]  and  other  several  microalgal  species  [89], 
The  relationship  between  the  ingestion  rate  of  Poterioochromonas  sp. 
and  the  size/shape  of  feeding  microalgal  cells  is  summarized  in  Fig.  9. 
The  microalgal  cell  with  smaller  size  and  more  regular  shape  was 
much  easier  to  be  ingested  by  Poterioochromonas  sp.  These  results 
suggested  that  the  microalgal  species  with  larger  size  and  irregular 
shape  (such  as  Scenedesmus  sp.)  or  the  microalgal  species  that  could 
grow  in  cluster  (such  as  Botryococcus  braunii )  may  have  stronger 
abilities  to  resist  the  grazing  of  zooplankton. 

6.5.  Indices  related  to  resource  consumption 
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Fig.  9.  The  relationship  between  the  ingestion  rate  of  Poterioochromonas  sp.  and 
the  size/shape  of  feeding  microalgal  cells. 

(Adapted  from  the  Ph.D.  dissertation  of  Zhang  [89]). 


reduce  phosphorus  consumption  via  exploiting  the  abilities  of  micro¬ 
algae  growing  with  intracellular  phosphorus  [94],  The  minimal 
phosphorus  content  of  microalgal  cell  (Qo)  is  an  important  parameter 
involved  in  microalgal  growth  process  using  intracellular  phosphorus 
[95],  and  determines  the  potential  biomass  yield  per  phosphorus  of  a 
certain  microalgal  species  [96],  The  microalgal  species  with  lower  Qo 
would  obtain  higher  potential  of  growing  with  intracellular  phos¬ 
phorus  and  higher  potential  biomass  yield  per  phosphorus.  In  the 
previous  study  of  the  authors,  Scenedesmus  sp.  LX1  was  found  to 
obtain  the  smallest  Qo  and  the  highest  biomass  yield  of  6100  kg- 
biomass/kg-P  among  7  tested  microalgal  species  [96], 

As  reviewed  above,  in  order  to  obtain  an  optimal  microalgal 
species  for  biomass/lipid  production  using  wastewater  as  resource  in 
large-scale,  a  series  of  indices  are  needed,  including  the  traditional 
screening  indices  as  well  as  the  indices  specified  for  microalgal 
cultivation  in  wastewater  under  large  scale.  Up  to  now,  no  microalgal 
species  has  been  demonstrated  to  meet  all  the  requirements.  Thus,  the 
efforts  on  microalgal  species  isolation  and  characterization  should  be 
continued.  On  the  other  hand,  the  technologies  to  lower  the  require¬ 
ments  on  microalgal  species  should  also  be  developed,  such  as  the 
techniques  to  prevent  microalgal  cultivation  system  from  biotic 
contamination  and  to  remove  SAP  from  recycling  water. 


7.  Limitations  and  future  research  needs  for  sustainable 
microalgal  biomass/lipid  production  using  wastewater 
as  resource 


SAP  is  the  dissolved  matter  released  by  microalgal  cell  to  the 
culture  medium  during  the  growth  process  [79],  A  large  part  of  this 
matters  would  remain  in  the  water  after  the  harvest  of  microalgal 
biomass.  As  water  recycling  was  considered  to  be  the  most  efficient 
way  to  reduce  water  consumption  in  microalgal  cultivation  [17],  the 
accumulation  of  SAP  in  the  repeated  water  recycling  process  would  be 
foreseeable.  The  possible  negative  effects  of  SAP  on  the  growth  of 
certain  microalgal  species  has  been  demonstrated  by  some  research¬ 
ers  previously  [90-93].  Thus,  recently  some  researchers  considered 
the  production  and  effects  on  microalgal  growth  and  lipid  accumula¬ 
tion  of  SAP  as  an  important  index  in  the  microalgal  species  screening 
[79],  The  microalgal  species  with  less  SAP  production  or  less  negative 
effects  caused  by  SAP  seems  to  be  more  appropriate  for  the  large-scale 
cultivation.  Anyhow,  more  research  is  needed  to  identify  the  main 
inhibitory  component  in  SAP,  such  as  the  research  conducted  by 
Zhang  et  al.  [93]  and  develop  efficient  techniques  to  remove  SAP  from 
recycling  water. 

As  for  the  phosphorus  consumption  in  the  production  of  micro¬ 
algal  biomass/lipid,  Wu  et  al.  proposed  recently  the  possibilities  to 


7.3.  Microalgal  species  for  biomass/lipid  production  in  unsterilized 
wastewater 

As  highlighted  above,  microalgal  resistance  to  biotic  pollution 
is  necessaiy  to  be  considered  as  an  important  index  in  the  species 
screening  for  biomass/lipid  production  using  wastewater  as 
resource,  because  the  existence  of  various  bacteria,  fungi  and  even 
zooplanktons  was  the  most  important  characteristic  of  waste- 
water,  and  also  one  of  the  most  significant  difference  between 
wastewater  and  artificial  culture  medium.  Biotic  contamination 
caused  by  these  microorganisms  was  considered  as  one  of  the 
biggest  challenges  in  the  large  scale  cultivation  of  microalgae 
[5,80],  However,  most  of  the  data  reported  in  recent  studies  was 
obtained  under  sterilized  conditions.  In  laboratory  scale,  it  is  easy 
to  sterilize  wastewater  as  microalgal  culture  medium,  and  main¬ 
tain  axenic  cultivation.  But  the  cost  and  difficulty  would  increase 
exponentially  in  large-scale  microalgal  cultivation. 

In  order  to  guarantee  stable  microalgal  biomass/lipid  production 
using  wastewater  as  culture  medium  against  possible  biotic 
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contamination,  on  one  hand,  it  is  necessary  to  develop  the  control 
techniques  of  biotic  pollution  as  reviewed  by  Wang  et  al.  [80];  on  the 
other  hand,  it  is  also  very  important  to  select  microalgal  species  with 
stronger  resistance  to  biotic  contamination,  and  demonstrate  its 
performance  on  biomass/lipid  production  in  unsterilized  wastewater. 
The  latter  job  has  already  been  carried  out  by  some  researchers 
recently.  In  the  study  of  Chinnasamy  et  al.,  14  microalgal  species  were 
cultivated  in  the  mixed  wastewater  containing  85-90%  carpet  industry 
effluents  with  10-15%  municipal  wastewater,  and  the  biomass  and 
lipid  production  of  these  microalgal  species  in  sterilized  treated 
wastewater  was  compared  with  that  in  unsterilized  wastewater 
[97],  It  was  found  that  Botryococcus  braunii,  Chlorella  saccharophila, 
Dunaliella  tertiolecta  and  Pleurochrysis  carterae  showed  superior  per¬ 
formance  compared  with  other  microalgal  species  both  in  sterilized 
and  unsterilized  wastewater.  Among  these  four  microalgal  species, 
Botryococcus  braunii  and  Chlorella  saccharophila  obtained  almost  the 
same  biomass  and  lipid  production  in  unsterilized  wastewater  as  that 
in  sterilized  wastewater. 

As  highlighted  in  the  study  of  Chinnasamy  et  al.,  in  the  future 
research  it  is  necessary  to  demonstrate  that  the  biomass  and  lipid 
production  of  certain  microalgal  species  could  be  maintained  over 
long  cultivation  periods  against  biotic  pollution  within  wastewater. 
There  is  also  the  possibility  that  some  novel  techniques  such  as 
genetic  manipulation  of  microalgal  species,  which  was  used  to 
attempt  to  improve  microalgal  lipid  content  [98],  could  be  utilized 
to  increase  microalgal  resistance  to  biotic  contamination. 

7.2.  Novel  cultivation  system  for  large-scale  microalgal 
biomass  production 

The  process  of  scaling  up  can  be  divided  into  two  stages:  (1)  from 
the  laboratory  scale  to  the  pilot  scale/modest  production  plant  scale; 
(2)  from  the  pilot  scale  to  industrial  scale  which  would  make  a 
significant  and  sustainable  contribution  to  global  bioenergy  produc¬ 
tion  [99],  Most  of  the  recent  studies  attempting  to  scale  up  were  in 
stage  (1).  The  cultivation  scale  of  these  studies  was  in  the  range  from 
several  liters  to  several  cubic  meters,  which  means  in  order  to  achieve 
microalgal  biomass  production  under  industrial  scale  it  is  necessary  to 
enlarge  the  recent  cultivation  scale  by  tens  of  thousands  of  times.  This, 
not  surprisingly,  would  bring  along  a  host  of  problems  including 
political,  social  and  economic  as  well  as  scientific  [99],  The  most 
important  question  is  what  kind  of  cultivation  system  could  provide 
microalgal  biomass  production  in  such  a  huge  scale  economically  and 
environmental-friendly.  Due  to  the  complexity  of  construction  and  the 
requirement  of  huge  covering  area,  most  of  the  photobioreactors  and 
algal  ponds  used  in  recent  studies  are  not  suitable  for  industrial-scale 
microalgal  biomass  production.  Therefore,  the  R  &  D  efforts  on  novel 
cultivation  system  are  veiy  important  in  future  research. 

Recently,  some  novel  cultivation  systems  were  developed  by 
some  researchers.  In  the  study  of  Christenson  et  al.,  a  rotating  algal 
biofilm  reactor  (RABR)  was  designed,  built  and  tested  under  pilot 
scale  (80001)  in  unsterilized  municipal  wastewater  [100],  and  a 
biomass  productivity  of  20-31  gm_2d_1  was  achieved,  which 
was  much  higher  compared  with  the  productivity  achieved  in 
many  other  biofilm  based  cultivation  systems.  In  this  study,  the 
cultivation  and  harvest  process  of  microalgal  biomass  was  inte¬ 
grated  into  one  single  system,  and  thus  the  problem  involved  in 
the  process  of  biomass  harvest  was  solved  along  with  the  process 
of  cultivation.  Similar  design  concept  of  combining  cultivation  and 
simplified  harvest  in  one  system  was  also  utilized  in  other  studies. 
Liu  et  al.  developed  a  novel  vertical  plate  attached  microalgal 
photobioreactor  [101],  in  which  microalgae  grew  on  the  surface  of 
vertical  artificial  supporting  material  to  form  algal  film  rather  than 
in  liquid  culture  medium.  In  this  study,  a  biomass  productivity  of 
50-80  g  m~2  d_1  was  obtained  outdoors  for  Scenedesmus  obliquus 
using  artificial  culture  medium.  Zhuang  et  al.  developed  a  novel 


suspended-solid  phase  photobioreactors  (ssPBR)  to  improve 
microalgal  biomass  production  and  to  simplify  the  harvest  process 
of  biomass  [102], 

All  these  efforts  aimed  to  simplify  biomass  harvest  process  within 
cultivation  system  in  situ.  But  there  is  also  similar  difficulty  in  scaling 
up  these  novel  cultivation  systems  as  others.  The  most  important 
limitation  was  actually  caused  by  light  attenuation.  According  to 
Lambert-Beer  law,  the  distance  that  the  light  on  the  surface  could 
penetrate  in  microalgal  culture  was  veiy  limited  [75],  Therefore,  the 
depth  of  the  algal  pond  was  usually  less  than  0.5  m  [103],  leading  to 
large  requirement  on  land  space.  If  the  depth  of  microalgal  pond  could 
increase  to  3-4  m,  which  is  similar  to  the  depth  of  common  structures 
in  wastewater  treatment  plant,  the  covering  area  of  the  whole  system 
would  decrease  by  almost  one  order  of  magnitude.  Is  this  possible?  An 
alternative  question  is  "could  microalgae  grow  without  light?” 
According  to  the  information  reviewed  above,  many  microalgal 
species  did  show  the  ability  to  use  organic  matters  in  wastewater 
for  heterotrophic  growth  in  recent  studies,  which  means  there  is  great 
potential  to  break  through  the  limitation  of  light  attenuation.  In  the 
future  design  of  microalgal  cultivation  system,  the  potential  of 
microalgae  to  grow  using  organic  matters  should  be  considered, 
demonstrated  and  utilized. 


8.  Conclusions 

Wastewater  has  been  considered  as  an  important  resource  for 
economical  and  sustainable  microalgal  biomass/lipid  production. 
However,  due  to  the  particularity  of  wastewater  and  huge  scale  of 
cultivation,  microalgal  species  must  meet  higher  requirements  com¬ 
pared  to  traditional  cultivation.  Currently,  most  of  the  relevant 
researches  are  conducted  in  sterilized  wastewater  under  laboratory 
scale  or  pilot  scale.  More  efforts  should  be  devoted  to  isolating 
microalgal  species  with  superior  performance  and  demonstrate  its 
abilities  to  maintain  stable  biomass/lipid  production  against  the  biotic 
inhibitory  factors  within  wastewater  under  large  scale.  Also,  possible 
risk  and  adverse  effects  on  biomass  conversion  processes  induced  by 
the  cultivation  in  wastewater  should  be  taken  into  consideration.  Only 
in  this  way  can  renewable  and  sustainable  microalgal  biomass/lipid 
production  using  wastewater  as  resource  be  achieved. 

Acknowledgments 

This  study  was  supported  by  the  National  Natural  Science  Fund  of 
China  (Key  Program,  No.  51138006),  Science  Fund  for  Creative 
Research  Groups  (No.  21221004),  the  Collaborative  Innovation  Center 
for  Regional  Environmental  Quality  and  Shanghai  Tongji  Gao  Tingyao 
Environmental  Science  &  Technology  Development  Foundation. 

References 


[1]  Rittmann  BE.  Opportunities  for  renewable  bioenergy  using  microorganisms. 
Biotechnol  Bioeng  2008;100:203-12. 

[2]  Weyer  KM,  Bush  DR,  Darzins  A,  Willson  BD.  Theoretical  maximum  algal  oil 
production.  Bioenerg  Res  2010;3:204-13. 

[3]  Chisti  Y.  Biodiesel  from  microalgae  beats  bioethanol.  Trends  Biotechnol 
2008;26:126-31. 

[4]  Mata  TM,  Martins  AA,  Caetano  NS.  Microalgae  for  biodiesel  production  and 
other  applications:  a  review.  Renew  Sustain  Energy  Rev  2010;14:217-32. 

[5]  U.S.  Department  of  Energy.  National  Algal  Biofuels  Technology  Roadmap:  U.S. 
Department  of  Energy,  Office  of  Energy  Efficiency  and  Renewable  Energy, 
Biomass  Program;  2010. 

[6]  Hu  H-Y,  Li  X,  Yu  Y,  Wu  Y-H,  Sagehashi  M,  Sakoda  A.  Domestic  wastewater 
reclamation  coupled  with  biofuel/biomass  production  based  on  microalgae: 
a  novel  wastewater  treatment  process  in  the  future.  J  Water  Environ  Technol 
2011;9:199-207. 

[7]  Schenk  PM,  Thomas-Hall  SR,  Stephens  E,  Marx  UC,  Mussgnug  JH,  Posten  C, 
et  al.  Second  generation  biofuels:  high-efficiency  microalgae  for  biodiesel 
production.  Bioenergy  Res  2008;1:20-43. 


Y.-H.  Wu  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  33  (2014)  675-688 


687 


[8]  Antolin  G,  Tinaut  FV,  Briceno  Y,  Castano  V,  Perez  C,  Ramirez  AI.  Optimisation 
of  biodiesel  production  by  sunflower  oil  transesterification.  Bioresour  Tech- 
nol  2002;83:111-4. 

[9]  Ho  SH,  Li  PJ,  Liu  CC,  Chang  JS.  Bioprocess  development  on  microalgae-based 
C02  fixation  and  bioethanol  production  using  Scenedesmus  obliquus  CNW- 
N.  Bioresour  Technol  2013;145:142-9. 

[10]  Sialve  B,  Bernet  N,  Bernard  0.  Anaerobic  digestion  of  microalgae  as  a 
necessary  step  to  make  microalgal  biodiesel  sustainable.  Biotechnol  Adv 
2009;27:409-16. 

[11]  Melis  A,  Zhang  LP,  Forestier  M,  Ghirardi  ML,  Seibert  M.  Sustained  photo- 
biological  hydrogen  gas  production  upon  reversible  inactivation  of  oxygen 
evolution  in  the  green  alga  Chlamydomonas  reinhardtii.  Plant  Physiol 
2000;122:127-35. 

[12]  Gfeller  RP,  Gibbs  M.  Fermentative  metabolism  of  Chlamydomonas  reinhardtii :  1. 
Analysis  of  fermentative  products  from  starch  in  dark  and  light.  Plant  Physiol 
1984;75:212-8. 

[13]  Holman  BWB,  Malau-Aduli  AEO.  Spirulina  as  a  livestock  supplement  and 
animal  feed.  J  Anim  Physiol  Anim  Nutr  2013;97:615-23. 

[14]  Borowitzka  MA.  Microalgae  as  sources  of  fine  chemicals.  Microbiol  Sci 
1986;3:372-5. 

[15]  Harun  R,  Singh  M,  Forde  GM,  Danquah  MIC.  Bioprocess  engineering  of 
microalgae  to  produce  a  variety  of  consumer  products.  Renew  Sust  Energ 
Rev  2010;14:1037-47. 

[16]  Chisti  Y.  Biodiesel  from  microalgae.  Biotechnol  Adv  2007;25:294-306. 

[17]  Yang  J,  Xu  M,  Zhang  X-Z,  Hu  Q,  Sommerfeld  M,  Chen  Y-S.  Life-cycle  analysis 
on  biodiesel  production  from  microalgae:  water  footprint  and  nutrients 
balance.  Bioresour  Technol  2011:102:6633. 

[18]  Pate  R,  Klise  G,  Wu  B.  Resource  demand  implications  for  US  algae  biofuels 
production  scale-up.  Appl  Energy  2011;88:3377-88. 

[19]  Clarens  AF,  Resurreccion  EP,  White  MA,  Colosi  LM.  Environmental  life  cycle 
comparison  of  algae  to  other  bioenergy  feedstocks.  Environ  Sci  Technol 
2010;44:1813-9. 

[20]  Abreu  AP,  Fernandes  B,  Vicente  AA,  Teixeira  J,  Dragone  G.  Mixotrophic 
cultivation  of  Chlorella  vulgaris  using  industrial  dairy  waste  as  organic  carbon 
source.  Bioresour  Technol  2012;118:61-6. 

[21]  Wang  HY,  Xiong  HR,  Hui  ZL,  Zeng  XB.  Mixotrophic  cultivation  of  Chlorella 
pyrenoidosa  with  diluted  primary  piggery  wastewater  to  produce  lipids. 
Bioresour  Technol  2012;104:215-20. 

[22]  Park  KC,  Whitney  C,  McNichol  JC,  Dickinson  KE,  MacQuarrie  S,  Skrupski  BP, 
et  al.  Mixotrophic  and  photoautotrophic  cultivation  of  14  microalgae  isolates 
from  Saskatchewan,  Canada:  potential  applications  for  wastewater  remedia¬ 
tion  for  biofuel  production.]  Appl  Phycol  2012;24:339-48. 

[23]  Oswald  WJ,  Gotaas  HB,  Golueke  CG,  Kellen  WR.  Algae  in  waste  treatment. 
Sew  Ind  Wastes  1957;29:437-55. 

[24]  Benemann  JR,  Weissman  JC,  Koopman  BL,  Oswald  WJ.  Energy-production  by 
microbial  photosynthesis.  Nature  1977;268:19-23. 

[25]  Fisher  M,  Gokhman  1,  Pick  U,  Zamir  A.  A  structurally  novel  transferrin-like 
protein  accumulates  in  the  plasma  membrane  of  the  unicellular  green  alga 
Dunaliella  salina  grown  in  high  salinities.  J  Biol  Chem  1997;272:1565-70. 

[26]  Li  X,  Hu  H-Y,  Yang  J.  Lipid  accumulation  and  nutrient  removal  properties  of  a 
newly  isolated  freshwater  microalga,  Scenedesmus  sp  LX1,  growing  in 
secondary  effluent.  New  Biotechnol  2010;27:59-63. 

[27]  Kallqvist  T,  Svenson  A.  Assessment  of  ammonia  toxicity  in  tests  with  the 
microalga,  Nephroselmis  pyriformis,  Chlorophyta.  Water  Res  2003;37:477-84. 

[28]  Yuan  X,  Kumar  A,  Sahu  AK,  Ergas  SJ.  Impact  of  ammonia  concentration  on 
Spirulina  platensis  growth  in  an  airlift  photobioreactor.  Bioresour  Technol 
2011;102:3234-9. 

[29]  Su  Z-F,  Li  X,  Hu  H-Y,  Wu  Y-H,  Noguchi  T.  Culture  of  Scenedesmus  sp  LX1  in 
the  modified  effluent  of  a  wastewater  treatment  plant  of  an  electric  factory 
by  photo-membrane  bioreactor.  Bioresour  Technol  2011;102:7627-32. 

[30]  Sydney  EB,  da  Silva  TE,  Tokarski  A,  Novak  AC,  de  Carvalho  JC,  Woiciecohwski 
AL,  et  al.  Screening  of  microalgae  with  potential  for  biodiesel  production 
and  nutrient  removal  from  treated  domestic  sewage.  Appl  Energy  2011;  88: 
3291-4. 

[31  ]  Powell  N,  Shilton  A,  Chisti  Y,  Pratt  S.  Towards  a  luxury  uptake  process  via 
microalgae— defining  the  polyphosphate  dynamics.  Water  Res  2009 ;43: 
4207-13. 

[32]  Powell  N,  Shilton  AN,  Pratt  S,  Chisti  Y.  Factors  influencing  luxury  uptake  of 
phosphorus  by  microalgae  in  waste  stabilization  ponds.  Environ  Sci  Technol 
2008;42:5958-62. 

[33]  Canovas  S,  Picot  B,  Casellas  C,  Zulkifi  H,  Dubois  A,  Bontoux  J.  Seasonal 
development  of  phytoplankton  and  zooplankton  in  a  high-rate  algal  pond. 
Water  Sci  Technol  1996;33:199-206. 

[34]  Miao  XL,  Wu  QY.  Biodiesel  production  from  heterotrophic  microalgal  oil. 
Bioresour  Technol  2006;97:841-6. 

[35]  Xu  H,  Miao  XL,  Wu  QY.  High  quality  biodiesel  production  from  a  microalga 
Chlorella  protothecoides  by  heterotrophic  growth  in  fermenters.  J  Biotechnol 
2006;126:499-507. 

[36]  Markou  G,  Chatzipavlidis  I,  Georgakakis  D.  Cultivation  of  Arthrospira 
(Spirulina)  platensis  in  olive-oil  mill  wastewater  treated  with  sodium 
hypochlorite.  Bioresour  Technol  2012;112:234-41. 

[37]  Chen  C-Y,  Yeh  K-L,  Aisyah  R,  Lee  D-J,  Chang  J-S.  Cultivation,  photobioreactor 
design  and  harvesting  of  microalgae  for  biodiesel  production:  a  critical 
review.  Bioresour  Technol  2011;102:71-81. 

[38]  Sheehan  J,  Dunahay  T,  Benemann  J,  Roessler  P.  A  look  back  ar  the  U.S. 
Department  of  Energy’s  Aquatic  Species  Program:  biodiesel  from  algae. 


Golden,  Colorado,  U.S. A.:  National  Renewable  Energy  Lab,  Department  of 
Energy;  1998. 

[39]  Illman  AM,  Scragg  AH,  Shales  SW.  Increase  in  Chlorella  strains  calorific  values 
when  grown  in  low  nitrogen  medium.  Enzyme  Microb  Technol 
2000;27:631-5. 

[40]  Li  X,  Hu  H-Y,  Zhang  Y-P.  Growth  and  lipid  accumulation  properties  of  a 
freshwater  microalga  Scenedesmus  sp  under  different  cultivation  tempera¬ 
ture.  Bioresour  Technol  2011;102:3098-102. 

[41]  Carvalho  AP,  Silva  SO,  Baptista  JM,  Malcata  FX.  Light  requirements  in 
microalgal  photobioreactors:  an  overview  of  biophotonic  aspects.  Appl 
Microbiol  Biotechnol  2011;89:1275-88. 

[42]  Benson  BC,  Rusch  KA.  Investigation  of  the  light  dynamics  and  their  impact  on 
algal  growth  rate  in  a  hydraulically  integrated  serial  turbidostat  algal  reactor 
(HISTAR).  Aquae  Eng  2006;35:122-34. 

[43]  Ruiz  J,  Alvarez  P,  Arbib  Z,  Garrido  C,  Barragan  J,  Perales  JA.  Effect  of  nitrogen 
and  phosphorus  concentration  on  their  removal  kinetic  in  treated  urban 
wastewater  by  Chlorella  vulgaris.  Int  J  Phytoremediat  2011;13:884-96. 

[44]  Silva-Benavides  AM,  Torzillo  G.  Nitrogen  and  phosphorus  removal  through 
laboratory  batch  cultures  of  microalga  Chlorella  vulgaris  and  cyanobacterium 
Planktothrix  isothrix  grown  as  monoalgal  and  as  co-cultures.  J  Appl  Phycol 
2012;24:267-76. 

[45]  Li  X,  Hu  H-Y,  Gan  K,  Sun  Y-X.  Effects  of  different  nitrogen  and  phosphorus 
concentrations  on  the  growth,  nutrient  uptake,  and  lipid  accumulation  of  a 
freshwater  microalga  Scenedesmus  sp.  Bioresour  Technol  2010;101: 
5494-500. 

[46]  Rodolfi  L,  Zittelli  GC,  Bassi  N,  Padovani  G,  Biondi  N,  Bonini  G,  et  al. 
Microalgae  for  oil  strain  selection,  induction  of  lipid  synthesis  and  outdoor 
mass  cultivation  in  a  low-cost  photobioreactor.  Biotechnol  Bioeng  2009;  102: 
100-12. 

[47]  Yang  J,  Li  X,  Hu  HY,  Zhang  X,  Yu  Y,  Chen  YS.  Growth  and  lipid  accumulation 
properties  of  a  freshwater  microalga,  Chlorella  ellipsoidea  YJ1,  in  domestic 
secondary  effluents.  Appl  Energy  2011;88:3295-9. 

[48]  Wang  B,  Lan  CQ.  Biomass  production  and  nitrogen  and  phosphorus  removal 
by  the  green  alga  Neochloris  oleoabundans  in  simulated  wastewater  and 
secondary  municipal  wastewater  effluent.  Bioresour  Technol  2011;  102: 
5639-44. 

[49]  Min  M,  Hu  B,  Zhou  WG,  Li  YC,  Chen  P,  Ruan  R.  Mutual  influence  of  light  and 
C02  on  carbon  sequestration  via  cultivating  mixotrophic  alga  Auxenochlorella 
protothecoides  UMN280  in  an  organic  carbon-rich  wastewater.  J  Appl  Phycol 
2012;24:1099-105. 

[50]  An  JY,  Sim  SJ,  Lee  JS,  Kim  BW.  Hydrocarbon  production  from  secondarily 
treated  piggery  wastewater  by  the  green  alga  Botryococcus  braunii.  J  Appl 
Phycol  2003;15:185-91. 

[51]  Kong  QX,  Li  L,  Martinez  B,  Chen  P,  Ruan  R.  Culture  of  microalgae  Chlamy¬ 
domonas  reinhardtii  in  wastewater  for  biomass  feedstock  production.  Appl 
Biochem  Biotechnol  2010;160:9-18. 

[52]  Griffiths  MJ,  Harrison  STL  Lipid  productivity  as  a  key  characteristic  for  choosing 
algal  species  for  biodiesel  production.  J  Appl  Phycol  2009;21:493-507. 

[53]  Su  HY,  Zhang  YL,  Zhang  CM,  Zhou  XF,  Li  JP.  Cultivation  of  Chlorella 
pyrenoidosa  in  soybean  processing  wastewater.  Bioresour  Technol  2011;  102: 
9884-90. 

[54]  Yang  J,  Li  X,  Hu  H-Y,  Zhang  X,  Yu  Y,  Chen  Y-S.  Growth  and  lipid  accumulation 
properties  of  a  freshwater  microalga,  Chlorella  ellipsoidea  YJ1,  in  domestic 
secondary  effluents.  Appl  Energy  2011;88:3295-9. 

[55]  Zhou  WG,  Li  YC,  Min  M,  Hu  B,  Chen  P,  Ruan  R.  Local  bioprospecting  for  high- 
lipid  producing  microalgal  strains  to  be  grown  on  concentrated  municipal 
wastewater  for  biofuel  production.  Bioresour  Technol  2011;102:6909-19. 

[56]  Svensson  J,  Adlercreutz  P.  Identification  of  triacylglycerols  in  the  enzymatic 
transesterification  of  rapeseed  and  butter  oil.  Eur  J  Lipid  Sci  Technol 
2008;110:1007-13. 

[57]  Hanssen  JF,  Indergaard  M,  Ostgaard  K,  Baevre  OA,  Pedersen  TA,  Jensen  A. 
Anaerobic-digestion  of  Laminaria  spp  and  Ascophyllum-nodosum  and  appli¬ 
cation  of  end  products.  Biomass  1987;14:1-13. 

[58]  Anitescu  G,  Deshpande  A,  Tavlarides  LL  Integrated  technology  for  supercritical 
biodiesel  production  and  power  cogeneration.  Energy  Fuels  2008;22:1391-9. 

[59]  Demirbas  A.  Oily  products  from  mosses  and  algae  via  pyrolysis.  Energy 
Sources  Part  A— Recovery  Utilization  Environ  Effects  2006;28:933-40. 

[60]  Patil  V,  Tran  K-Q  Giselrod  HR.  Towards  sustainable  production  of  biofuels 
from  microalgae.  Int  J  Mol  Sci  2008;9:1188-95. 

[61]  Yang  Y,  Xiang  HW,  Zhang  RL  Zhong  B,  Li  YW.  A  highly  active  and  stable  Fe  -Mn 
catalyst  for  slurry  Fischer-Tropsch  synthesis.  Catal  Today  2005;106:170-5. 

[62]  Souza  PO,  Ferreira  LR,  Pires  NRX,  Filho  PJS,  Duarte  FA,  Pereira  CMP,  et  al. 
Algae  of  economic  importance  that  accumulate  cadmium  and  lead:  a  review. 
Rev  Bras  Farmacogn— Braz  J  Pharmacogn  2012;22:825-37. 

[63]  Davis  TA,  Volesky  B,  Mucci  A.  A  review  of  the  biochemistry  of  heavy  metal 
biosorption  by  brown  algae.  Water  Res  2003;37:4311-30. 

[64]  Ge  W,  Yin  XD,  Chai  C,  Zhang  J.  Bioaccumulation  of  PBDE  congener  2, 2', 4,4'- 
tetrabromodiphenyl  ether  by  Heterosigma  akashiwo  in  response  to  different 
nutrient  concentrations.  Oceanol  Hydrobiol  Stud  2013;42:139-48. 

[65]  Magnusson  K,  Tiselius  P.  The  importance  of  uptake  from  food  for  the 
bioaccumulation  of  PCB  and  PBDE  in  the  marine  planktonic  copepod  Acartia 
clausi.  Aquat  Toxicol  2010;98:374-80. 

[66]  Kumar  A,  Xagoraraki  I.  Pharmaceuticals,  personal  care  products  and 
endocrine-disrupting  chemicals  in  U.S.  surface  and  finished  drinking  waters: 
a  proposed  ranking  system.  Sci  Total  Environ  2010;408:5972-89. 


688 


Y.-H.  Wu  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  33  (2014)  675-688 


[67]  Andersen  R.  Algal  culturing  techniques.  Burlington:  Elsevier  Academic  Press; 
2005. 

[68]  Kacka  A,  Donmez  G.  Isolation  of  Dunaliella  spp.  from  a  hypersaline  lake  and 
their  ability  to  accumulate  glycerol.  Bioresour  Technol  2008;99:8348-52. 

[69]  Montero  MF,  Aristizabal  M,  Reina  GG.  Isolation  of  high-lipid  content  strains 
of  the  marine  microalga  Tetraselmis  suecica  for  biodiesel  production  by  flow 
cytometry  and  single-cell  sorting.  J  Appl  Phycol  2011;23:1053-7. 

[70]  Sinigalliano  CD,  Winshell  J,  Guerrero  MA,  Scorzetti  G,  Fell  JW,  Eaton  RW, 
et  al.  Viable  cell  sorting  of  dinoflagellates  by  multiparametric  flow 
cytometry.  Phycologia  2009;48:249-57. 

[71]  Mutanda  T,  Ramesh  D,  Karthikeyan  S,  Kumari  S,  Anandraj  A,  Bux  F. 
Bioprospecting  for  hyper-lipid  producing  microalgal  strains  for  sustainable 
biofuel  production.  Bioresour  Technol  2011;102:57-70. 

[72]  Doh  I,  Cho  YH.  A  continuous  cell  separation  chip  using  hydrodynamic 
dielectrophoresis  (DEP)  process.  Sens  Actuators  A— Phys  2005;121:59-65. 

[73]  Shevkoplyas  SS,  Yoshida  T,  Munn  LL,  Bitensky  MW.  Biomimetic  autosepara¬ 
tion  of  leukocytes  from  whole  blood  in  a  microfluidic  device.  Anal  Chem 
2005;77:933-7. 

[74]  Petersson  F,  Nilsson  A,  Holm  C,  Jonsson  H,  Laurell  T.  Separation  of  lipids  from 
blood  utilizing  ultrasonic  standing  waves  in  microfluidic  channels.  Analyst 
2004;129:938-43. 

[75]  Wu  Y-H,  Li  X,  Yu  Y,  Hu  H-Y,  Zhang  T-Y,  Li  F-M.  An  integrated  microalgal 
growth  model  and  its  application  to  optimize  the  biomass  production  of 
Scenedesmus  sp.  LX1  in  open  pond  under  the  nutrient  level  of  domestic 
secondary  effluent.  Bioresour  Technol  2013;144:445-51,  http://dx.doi.org/ 
10.1016/j.biortech.2013.06.065. 

[76]  Tang  H,  Chen  M,  Garcia  MED,  Abunasser  N,  Ng  KYS,  Salley  SO.  Culture  of 
microalgae  Chlorella  minutissima  for  biodiesel  feedstock  production.  Biotech- 
nol  Bioeng  2011;108:2280-7. 

[77]  Hu  Q,  Sommerfeld  M,  Jarvis  E,  Ghirardi  M,  Posewitz  M,  Seibert  M,  et  al. 
Microalgal  triacylglycerols  as  feedstocks  for  biofuel  production:  perspectives 
and  advances.  Plant  J.  2008;54:621-39. 

[78]  Pittman  JK,  Dean  AP,  Osundeko  O.  The  potential  of  sustainable  algal  biofuel 
production  using  wastewater  resources.  Bioresour  Technol  2011;102:17-25. 

[79]  Yu  Y,  Hu  H-Y,  Li  X,  Wu  Y-H,  Zhang  X,  Jia  S-L.  Accumulation  characteristics  of 
soluble  algal  products  (SAP)  by  a  freshwater  microalga  Scenedesmus  sp.  LX1 
during  batch  cultivation  for  biofuel  production.  Bioresour  Technol 
2012;110:184-9. 

[80]  Wang  H,  Zhang  W,  Chen  L,  Wang  JF,  Liu  TZ.  The  contamination  and  control  of 
biological  pollutants  in  mass  cultivation  of  microalgae.  Bioresour  Technol 
2013;128:745-50. 

[81]  Guo  M,  Hu  H,  Bolton  JR,  El-Din  MG.  Comparison  of  low-  and  medium- 
pressure  ultraviolet  lamps:  photo  reactivation  of  Escherichia  coli  and  total 
coliforms  in  secondary  effluents  of  municipal  wastewater  treatment  plants. 
Water  Res  2009;43:815-21. 

[82]  Tao  Y,  Zhang  X,  Au  DWT,  Mao  X,  Yuan  K.  The  effects  of  sub-lethal  UV-C 
irradiation  on  growth  and  cell  integrity  of  cyanobacteria  and  green  algae. 
Chemosphere  2010;78:541-7. 

[83]  Suttle  CA,  Chan  AM,  Cottrell  MT.  Infection  of  phytoplankton  by  viruses  and 
reduction  of  primary  productivity.  Nature  1990;347:467-9. 

[84]  Proctor  LM,  Fuhrman  JA.  Viral  mortality  of  marine-bacteria  and  cyanobac¬ 
teria.  Nature  1990;343:60-2. 

[85]  Daft  MJ,  McCord  SB,  Stewart  WDP.  Ecological  studies  on  algal-lysing  bacteria 
in  fresh  waters.  Freshw  Biol  1975;5:577. 

[86]  Imamura  N,  Motoike  I,  Noda  M,  Adachi  K,  Konno  A,  Fukami  H,  et  al.  a  novel 
anti-cyanobacterial  compound  produced  by  an  algae-Iysing  bacterium.  J 
Antibiot  2000;53:1317-9. 

[87]  Nagasaki  K,  Tarutani  K,  Yamaguchi  M.  Growth  characteristics  of  Heterosigma 
akashiwo  virus  and  its  possible  use  as  a  microbiological  agent  for  red  tide 
control.  Appl  Environ  Microbiol  1999;65:898-902. 

[88]  Zhang  X,  Hu  H-Y,  Men  Y-J,  Yang  J,  Christoffersen  K.  Feeding  characteristics  of 
a  golden  alga  ( Poterioochromonas  sp.)  grazing  on  toxic  cyanobacterium 
Microcystis  aeruginosa.  Water  Res  2009;43:2953-60. 

[89]  Zhang  X.  Bloom-forming  algae  grazing  and  microcystin  degradation  char¬ 
acteristics  of  a  mixotrophic  golden  alga  ( Poterioochromonas  sp.).  [Ph.D. 
dissertation].  Beijing,  China:  Tsinghua  University;  2009. 

[90]  Pratt  R,  Fong  J.  Studies  on  Chlorella  vulgaris  II  Further  evidence  that  Chlorella 
cells  form  a  growth-inhibiting  substance.  Am  J  Bot  1940;27:431-6. 

[91  ]  Livansky  K,  Dedic  K,  Binova  J,  Tichy  V,  Novotny  P,  Doucha  J.  Influence  of  the 
nutrient  solution  recycling  on  the  productivity  of  Scenedesmus  obliquus, 
utilization  of  nutrients  and  water  in  outdoor  cultures.  Arch  Hydrobiol  Suppl 
1996;114:105-13. 

[92]  Liu  J-g,  Zhang  C-W,  Zvi  C,  Amos  R.  Physiological  inhibitory  effect  of  OCS  in 
arachidonic  acid-rich  Parietochloris  incisa  (Trebouxiophyceae,  chlorophyta). 
ChinJ  Oceanol  Limnol  2002;20:248-55. 

[93]  Zhang  T-Y,  Yu  Y,  Wu  Y-H,  Hu  H-Y.  Inhibitory  effects  of  soluble  algae 
products  (SAP)  released  by  Scenedesmus  sp  LX1  on  its  growth  and  lipid 
production.  Bioresour  Technol  2013;146:643-8,  http://dx.doi.org/10.1016/j- 
biortech.2013.07.142. 


[94]  Wu  Y-H,  Yu  Y,  Li  X,  Hu  H-Y,  Su  Z-F.  Biomass  production  of  a  Scenedesmus  sp. 
under  phosphorous-starvation  cultivation  condition.  Bioresour  Technol 
2012;112:193-8. 

[95]  Droop  MR.  25  Years  of  algal  growth-kinetics— a  personal  view.  Bot  Mar 
1983;26:99-112. 

[96]  Wu  Y-H,  Yu  Y,  Hu  H-Y.  Potential  biomass  yield  per  phosphorus  and  lipid 
accumulation  property  of  seven  microalgal  species.  Bioresour  Technol 
2012;130:599-602. 

[97]  Chinnasamy  S,  Bhatnagar  A,  Hunt  RW,  Das  KC.  Microalgae  cultivation  in  a 
wastewater  dominated  by  carpet  mill  effluents  for  biofuel  applications. 
Bioresour  Technol  2010;101:3097-105. 

[98]  Courchesne  NMD,  Parisien  A,  Wang  B,  Lan  CQ.  Enhancement  of  lipid 
production  using  biochemical,  genetic  and  transcription  factor  engineering 
approaches.  J  Biotechnol  2009;141:31-41. 

[99]  Williams  PJLB,  Laurens  LML.  Microalgae  as  biodiesel  &  biomass  feedstocks: 
review  &  analysis  of  the  biochemistry,  energetics  &  economics.  Energy 
Environ  Sci  2010;3:554-90. 

[100]  Christenson  LB,  Sims  RC.  Rotating  algal  biofilm  reactor  and  spool  harvester 
for  wastewater  treatment  with  biofuels  by-products.  Biotechnol  Bioeng 
2012;109:1674-84. 

[101]  Liu  TZ,  Wang  JF,  Hu  Q,  Cheng  PF,  Ji  B,  Liu  JL,  et  al.  Attached  cultivation 
technology  of  microalgae  for  efficient  biomass  feedstock  production.  Bior¬ 
esour  Technol  2013;127:216-22. 

[102]  Zhuang  L-L,  Hu  H-Y,  Wu  Y-H,  Wang  T,  Zhang  T-Y.  A  novel  suspended-solid 
phase  photobioreactor  to  improve  biomass  production  and  separation  of 
microalgae.  Bioresour  Technol  2014;153:399-402. 

[103]  Brennan  L,  Owende  P.  Biofuels  from  microalgae— a  review  of  technologies  for 
production,  processing,  and  extractions  of  biofuels  and  co-products.  Renew 
Sustain  Energy  Rev  2010;14:557-77. 

[104]  Arbib  Z,  Ruiz  J,  Alvarez  P,  Garrido  C,  Barragan  J,  Perales  JA.  Chlorella 
stigmatophora  for  urban  wastewater  nutrient  removal  and  C02  abatement. 
Int  J  Phytoremediat  2012;14:714-25. 

[105]  Aslan  S,  Kapdan  IK.  Batch  kinetics  of  nitrogen  and  phosphorus  removal  from 
synthetic  wastewater  by  algae.  Ecol  Eng  2006;28:64-70. 

[106]  Lau  PS,  Tam  NFY,  Wong  YS.  Effect  of  algal  density  on  nutrient  removal  from 
primary  settled  waste-water.  Environ  Pollut  1995;89:59-66. 

[107]  Gonzalez  LE,  Canizares  RO,  Baena  S.  Efficiency  of  ammonia  and  phosphorus 
removal  from  a  Colombian  agroindustrial  wastewater  by  the  microalgae  Chlorella 
vulgaris  and  Scenedesmus  dimorphus.  Bioresour  Technol  1997;60:259-62. 

[108]  Ruiz-Marin  A,  Mendoza-Espinosa  LG,  Stephenson  T.  Growth  and  nutrient 
removal  in  free  and  immobilized  green  algae  in  batch  and  semi-continuous 
cultures  treating  real  wastewater.  Bioresour  Technol  2010;101:58-64. 

[109]  Shi  J,  Podola  B,  Melkonian  M.  Removal  of  nitrogen  and  phosphorus  from 
wastewater  using  microalgae  immobilized  on  twin  layers:  an  experimental 
study.  J  Appl  Phycol  2007;19:417-23. 

[110]  Zhang  YF,  Noori  JS,  Angelidaki  I.  Simultaneous  organic  carbon,  nutrients 
removal  and  energy  production  in  a  photomicrobial  fuel  cell  (PFC).  Energy 
Environ  Sci  2011;4:4340-6. 

[111]  Rusten  B,  Sahu  AK.  Microalgae  growth  for  nutrient  recovery  from  sludge 
liquor  and  production  of  renewable  bioenergy.  Water  Sci  Technol  2011  ;64: 
1195-201. 

[112]  Mandavi  H,  Ulrich  AC,  Liu  Y.  Metal  removal  from  oil  sands  tailings  pond  water 
by  indigenous  micro-alga.  Chemosphere  2012;89:350-4. 

[113]  Martinez  ME,  Sanchez  S,  Jimenez  JM,  El  Yousfi  F,  Munoz  L.  Nitrogen  and 
phosphorus  removal  from  urban  wastewater  by  the  microalga  Scenedesmus 
obliquus.  Bioresour  Technol  2000;73:263-72. 

[114]  Xiao  R,  Chen  R,  Zhang  HY,  Li  H.  Microalgae  Scenedesmus  quadricauda  grown 
in  digested  wastewater  for  simultaneous  C02  fixation  and  nutrient  removal.  J 
Biobased  Mater  Bioenergy  2011;5:234-40. 

[115]  Orpez  R,  Martinez  ME,  Hodaifa  G,  El  Yousfi  F,  Jbari  N,  Sanchez  S.  Growth  of 
the  microalga  Botiyococcus  braunii  in  secondarily  treated  sewage.  Desalina¬ 
tion  2009;246:625-30. 

[116]  Lee  K,  Lee  C-G.  Effect  of  light/dark  cycles  on  wastewater  treatments  by 
microalgae.  Biotechnol  Bioprocess  Eng  2001;6:194-9. 

[117]  Singh  M,  Reynolds  DL,  Das  KC.  Microalgal  system  for  treatment  of  effluent 
from  poultry  litter  anaerobic  digestion.  Bioresour  Technol  2011  ;102:10841-8. 

[118]  Zheng  J,  Li  ZB,  Lu  YH,  Tang  XM,  Lu  B,  Li  YY,  et  al.  Cultivation  of  the  microalga, 
Chlorella  pyrenoidosa,  in  biogas  wastewater.  Afr  J  Biotechnol  2011;  10: 
13115-20. 

[119]  Covarrubias  SA,  de-Bashan  LE,  Moreno  M,  Bashan  Y.  Alginate  beads  provide  a 
beneficial  physical  barrier  against  native  microorganisms  in  wastewater 
treated  with  immobilized  bacteria  and  microalgae.  Appl  Microbiol  Biotechnol 
2012;93:2669-80. 

[120]  Mata  TM,  Melo  AC,  Simoes  M,  Caetano  NS.  Parametric  study  of  a  brewery 
effluent  treatment  by  microalgae  Scenedesmus  obliquus.  Bioresour  Technol 
2012;107:151-8. 

[121]  Phillips  SD.  Technoeconomic  analysis  of  a  lignocellulosic  biomass  indirect 
gasification  process  to  make  ethanol  via  mixed  alcohols  synthesis.  Ind  Eng 
Chem  Res  2007;46:8887-97. 

[122]  Demirbas  A.  Production  of  biodiesel  from  algae  oils.  Energy  Sources  Part  A— 
Recovery  Utilization  Environm  Effects  2009;31:163-8. 


